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Abstract 
Noise generated from industrial gas turbines is an increasing environmental concern. 
The silencing of the exhaust from industrial gas turbines is an important element of 
current designs as it can affect efficiency, space, noise and gas emissions. However, 
exhausts are very costly and the lower the frequency, the higher is the cost involved in 
trying to attenuate the noise due to the amount of material and space necessary to 
implement the exhaust system. 
In this work, the sources of noise from an exhaust system of a particular gas turbine are 
investigated. Improvements in understanding the unsteady behaviour of the flow in the 
exhaust system could potentially lead to an increase in efficiency, a reduction in noise 
emissions, a decrease in the cost of exhaust mufflers and improved location for the 
plants. 
This work presents the experimental approach used to identifY the maj or sources of 
noise and how these results were then used to create a model that could represent the 
sources identified. As the frequency components generated by the flow are low, this 
work concentrates on understanding the mechanisms that generate the Iow frequency 
noise. 
Results show that the major source of noise is the jet leaving the engine exhaust and 
that the main acoustic source is of dipole nature. 
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Chapter 1 Introduction 
The advent of the gas turbine was a landmark in engineering history. Since its 
introduction, it has been used in many applications and by a range of industries. The 
possibility of affordable air flights led to a lucrative market in gas turbines for civil 
aircraft. On the industrial side, many uses have been and continue to be developed 
including electricity generation and natural gas pumping. 
Nevertheless, with new potentials for marketing of a product come the challenges for 
the manufacturers. In the civil aircraft market, increased competition between the 
airline companies has forced gas turbine manufacturers to strive for improvements in 
efficiency and durability. In the industrial market, competition has led to the same 
requirements but with the addition of improved reliability. 
Increased awareness of the environment led to the introduction of noise regulations 
with respect to both civil and industrial gas turbines. These requirements will become 
more rigorous as time passes and technology improves. Although each industrial gas 
turbine application has its own challenges, the exhaust systems used are somewhat 
similar and have the same requirements of an increase in efficiency, a reduction in 
space, low noise emission and low gas emissions. Therefore, in this research in order 
address the noise generated by an industrial gas turbine, aspects such as noise 
characteristics, flow complexity and issues related to system build-up are considered. 
A cross-section of an industrial gas turbine is shown in Figure 1, from Rolls-Royce 
([1], [2]). The fumes from the turbine exit travel through vanes that act to straighten the 
flow, which goes into a diffuser prior to entering the exhaust collector. The air is then 
diffused as it enters the collector box area. Part of the flow reaches the collector box 
(volute) wall and is forced to turn vertically. The remainder of the flow turns 
downwards first, and due to the shape of the exhaust case, that restricts the flow from 
going further downwards and has a round shape that facilitates the flow movement, 
eventually also tums upwards. Once all the flow has turned 900 , the air passes through 
a long muffler in order to attenuate the noise. 
inlet 
comoressor 
turbine diffuser 
Figure 1 Exhaust layout of an industrial gas turbine 
2 
muffler 
The silencing of the exhaust from industrial gas turbines is an important but very costly 
element of current designs. Nowadays, it is necessary to introduce very long mufflers at 
the exit of the gas turbine to attenuate the noise such that it meets environmental 
regulations. The attenuation of sound with silencers ([3],[4]) uses both reflective and 
dissipative mufflers. Dissipative mufflers employ appropriate materials that dissipate 
some of the sound energy and are generally used to attenuate high frequencies (since 
for lower frequencies the absorber dimensions have to be very large). Reactive mufflers 
are based on the reflection of the sound waves, due to the change in impedance through 
the muffler. Although reactive mufflers work at low frequency, it is necessary to use 
extended compartment lengths in order to ensure attenuation. Therefore, the lower the 
frequency, the higher is the cost involved in trying to attenuate the sound due to the 
amount of material and space necessary to implement the exhaust system. 
The most challenging characteristic in the spectrum obtained from the industrial gas 
turbine considered here is a pronounced peak of 0(10Hz) (Figure 2). At such low 
frequencies the wavelength is very large. In order to try to attenuate the low 
frequencies components long exhaust mufflers of around 7 meters are attached to the 
industrial gas turbines. This means that a costly element is added to each turbine. This 
system is still not long enough to effectively reduce the low frequency component 
identified in the measurements, which would require even longer exhaust mufflers. 
Therefore, instead of adopting the traditional improvements in industrial gas turbines of 
attenuating the propagation of the sound generated in their exhaust system, in this work 
attention is given to reducing the noise at the source. With that aim, the source 
mechanisms and the physical description of sound generated aerodynamically in 
I 
• I 
3 
exhaust systems of industrial gas turbines are investigated. The investigation of 
aerodynamic noise sources can be a joint process with efficiency considerations of the 
gas turbine as the flow characteristics reducing the efficiency may be the same as those 
of sound generation. Understanding the unsteady behaviour of the flow in the exhaust 
system could potentially lead to increases in efficiency, reduction of noise emissions, a 
decrease in the cost of exhaust mufflers and better locations of the plants. As the 
emitted noise is dominated by the Iow frequency range, this work concentrates on the 
mechanisms that generate the Iow frequency noise. 
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Figure 2 Lw: Industrial Gas Turbine 
There are several causes of aerodynamic fluctuations and hence many possible noise 
sources in a combination of a typical aunular exhaust diffuser dumping gas into a 
typical exhaust volute box. Experimental and computational modelling of acoustics 
(with the help of aerodynamic experimental and computational modelling [5]) is 
carried out, in order to identify the characteristics and behaviour of the main aero-
acoustic sources present. Combustion effects have not been considered due to the fact 
that the combustion noise spectra has peaks happen at much higher frequencies [12]. It 
is also noticed that the low frequency component appears in the industrial gas turbine 
but not in the equivalent aero-engine. As combustion happens in both engines, this also 
emphasised that excluding the combustion phenomena should not compromise the 
results. However attention is taken during preliminary experimental phase of this 
research (Chapter 4) to verify that combustion is not one of the major sources at low 
frequencies. As the understanding of the major acoustic sources is the main concern, 
'------------------------------------ . -- ------
, 
l 4 and as the characteristics of the muffler system only "colours" the source spectral characteristics [3], in this work, the system is studied up to the volute and the muffler's 
influence is excluded. 
In summary, some of the challenges in characterising the noise from an industrial gas 
turbine are related to: 
- How to deal with the high temperatures in the system; 
- What is the best compromise in considering noise attenuation at the source, path or 
receiver; 
- How to create an adequate model to represent the real engine in order to capture the 
sources of noise; 
- How to isolate the sources of noise; 
- How to take into consideration the resources and space available. 
The use of a scaled experimental model to simulate the real industrial gas turbine is 
motivated by practical and economical reasons (more details are given in Chapter 4). 
Therefore a model containing the major features of the real engine is developed (Figure 
3 & 4). Despite possessing similar characteristics in terms of generated flow power, the 
model does not account for the combustion effect and does not include the exhaust 
muffler present in the real engine. 
The experimental facility used in this work consists of a plenum (Figure 3) and the test 
section (rig itself - Figure 4). As shown in Figure 3, atmospheric air passes through an 
inlet duct into an acoustically lined centrifugal fan room. The air is subsequently drawn 
into the fan and pumped along an interconnecting duct to a plenum, which is also 
acoustically lined and contains a series of acoustic baffles. Within this plenum, the air 
has a velocity of approximately 0.3 mts (M-O.OOI), which settles most flow 
instabilities generated by the flow. In addition, the acoustic cladding absorbs the 
majority of the noise generated by the fan and motor. Air enters the working section via 
an inlet flare. The flow then passes through inlet guide vanes (lOVs) that rotate the 
flow in such a way to represent the flow characteristics generated by the rotating parts 
of a real engine. Further downstream, the flow passes through the Outlet Ouided Vanes 
(OOS) that straighten the flow back in the same way they are used in a real engine, 
prior to entering the diffuser, as shown in Figure 4. The inlet Mach number is kept 
constant at 0.08. Flow exiting the diffuser is dumped into an acoustic volute box that 
L-__________________________________________________________________ _ 
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5 
turns the flow 90° before expelling it into the atmosphere. The IOV geometry can be 
altered in order to simulate the changes produced in the swirl angle distribution. The 
three sets presented to the IOVs correspond to 30%, 70% and 100% engine operating 
powers and vary from high levels of swirl to low levels of swirl respectively. The 
Reynolds number, based on diffuser inlet annulus height, is approximately 1.3xl05• 
The OOVs are positioned immediately upstream of the diffuser inlet, and at 10 IOV 
blade chords downstream of the IOV s. It is possible to operate the facility with or 
without several of its components in order to acoustically evaluate the components in 
combination or in isolation. 
It is important to emphasize that both the experimental and theoretical investigation in 
this work are based on the l/7 th scale aerodynamic model of the real engine. Therefore, 
from here on all the results presented (experimental and theoretical) are related to the 
characteristics and dimensions encountered on the Inth scale model. Although in terms 
of dimensions and aerodynamic characteristics the model is considered at 117th scale, in 
terms of acoustics characteristics it is scaled as 1I4th. This is based on the fact that 
added to the dimension changes, the experimental model runs at ambient temperature 
and therefore does not present the temperature effects that occur in the real turbine 
(temperatures of the order O(lOOOK)) and therefore the frequencies are scaled based on 
f = JrRT lA [6]. 
: 1 
. I 
. I 
.1 
Figure 3 Fan and plenum - schematic drawing of the test facility 
test section 
• 
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As all the experiments and theoretical modelling are related to the 1I4'h acoustic scale 
model, the low frequency range of interest is then about four times higher then the real 
engine. In this way, peaks like the 0(10 Hz) (Figure 2) and the frequency range of 
interest (one decade) would be expected to be around two octaves higher in the model. 
_.-
1.Sm 
inlctnare 
plenum area 
Figure 4 Experimental facility test section (scale model) 
Exploiting the fact that the experimental facility can be assembled in several different 
configurations, several tests were conducted in order to account for possible different 
flow phenomena caused by the presence or absence of each element. For more 
infonnation about the experiments, please refer to Chapter 4 and Appendix 1. 
Figure 5 shows the sound power level against frequency for the configuration without 
the volute for two power conditions (more details one the sources are presented on 
Chapter 4). The spectra show a decay in sound power with frequency up to 
approximately 600 Hz followed by a sudden increase in level and another decay. The 
frequency where the sudden increase occurs corresponds to the cut-off-frequency at 
which the higher order modes start to propagate[7]. 
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Figure 5 Lw: 100% power IGVs + OGVs + CS + Scarf Diffuser 
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Irrespective of configuration analysed, the results show the same slope below the cut-
off frequency (frequency above which a particular mode pattern propagates) and this 
fact is the key element used in the source investigations. This decay is present 
regardless of the complexities encountered in some of the configurations, even when 
every element is removed and the only remaining component is the duct, which 
produces a jet into the free space. 
Another major feature of the results are the peaks present in the low frequency region 
below the cut-off. These are plane wave resonances. 
Given the interest in attenuating the low frequency components (as they represent the 
critical operational restrictions in the real engine) an investigation into the major types 
of sources that could be generating the characteristic sloping spectrum and that could 
be exciting the duct resonances at low frequencies is conducted. 
Generally, in analysing aerodynamic noise, three major types of sources are 
considered: monopoles, dipoles and quadrupoles. Monopoles are normally associated 
with expansions, dipoles associated with vortex shedding and quadrupoles associated 
with turbulence. As the flow in the exhaust system of the industrial gas turbine is 
complex, it is likely that all the sources mentioned are present However, the acoustic 
power radiated from each of those sources is different. Figure 6 shows the normalised 
sound power against Mach number for different types of sources following Morse and 
• 
• 
8 
Ingard [8]. Considering that the speeds used in the test rig are low, the source that 
would radiate most efficiently is the monopole, followed by the dipole . 
Although it is likely that all three types of sources exist in the flow, the source strength 
of the quadrupoles required to radiate the same sound power as a monopole and a 
dipole would be respectively of the order Q( M2) and Q( M) bigger for Mach numbers 
below one. Therefore, in this work, monopoles and dipoles are considered to be the 
likely sources generating noise at low frequency. 
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Figure 6 Sound Power against Mach number for different types of sources 
A review of the literature on airborne noise in turbines is presented in Section L L 
Although there are many types of sources in industrial gas turbines, emphasis is given 
to the aspects that are relevant for this work, such as: 1) aerodynamically generated 
monopole and dipole sources (as they are the most likely candidates for noise at low 
frequency) and 2) jet noise which is present in exhaust systems such as the one 
analyzed. This literature review is not intended to be all encompassing, but aims to 
present aspects relevant to the subject in question. 
No temperature effects are included in this work as the experimental facility runs at 
ambient temperature. Also, no consideration is given to aspects relevant to high-speed 
flow in air (convection/refraction), as the Mach number involved is very low. Although 
combustion is not present in the scale model experiments, some of its effects are 
considered, as combustion is normally an important monopole source. 
• 
i 
i 
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9 
1.1 Airborne noise in gas turbines 
The major sources of airborne noise in gas turbines consist of turbo-machinery noise 
[9], combustion noise [10], duct noise [11] and exhaust jet noise ([10], [12], [13]) . 
1.1.1 Turbo-machinery noise 
In exhaust systems of gas turbine engines the 'turbo-machinery' present is the rotating 
and stationary blades used in the turbine for which the aero-acoustic flow aspects are 
similar to other turbo-machinery components. Turbo-machinery flows normally 
generate significant tonal components superimposed on broadband noise. The spectra 
they generate depend on the tip speed. The blade passing frequency and its harmonics 
are superimposed on a broadband component. The noise generation process is a 
combination of many mechanisms. Internal disturbances (blade wakes, vortices, 
turbulence) together with inflow disturbance generate a blade response that causes 
unsteady surface pressure on the blade. These responses are coupled to the duct, which 
has a modal behaviour and is responsible for the transmission. The origins of 
fluctuating pressures on the blades are incident vortical disturbances. The velocity 
component normal to the blade chord is responsible for the blade pressure fluctuations. 
There are models considering the response for periodic [14] and random vortical 
disturbances [15]. Although there exist both experimental and analytical techniques 
describing the lift theory, the transmission and the coupling with the duct, the dominant 
generating mechanism of the broadband noise remains to be properly understood. It 
seems to be independent of the inflow characteristics but dependent on the blade 
loading [15]. 
1.1.2 Combustion noise 
The combustion noise is characterized by its broadband radiated power, its spectrum 
and directional distribution. However, due to the resonance of the combustor, the 
radiated noise has sharp peaks superimposed on the broadband noise. Combustion 
It 
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noise results when a volume of mixture expands at constant pressure as it is rapidly 
heated by combustion. Such sources behave as acoustic monopoles ([16] and [17)). 
1.1.3 Duct noise 
Another important aspect is that the engine duct system is excited by the aerodynamic 
noise sources generated at the exit of the system. The duct system might only introduce 
peaks in the spectra corresponding to flow-excited resonances [18] and/or change the 
inflow/outflow boundary conditions for the aero-acoustic problem. The propagation of 
acoustic disturbance in ducts varies with the dimensions of the duct [19], annular parts 
([20], [21], [22], [23]), speed changes [24], level of swirl ([25], (10], [26], [27], [28], 
[29]), and variation of the impedance at the end [30]. Other turbulent sources are 
caused by effect of surfaces ([15], [31], [32], [16], [33] [34]), flow over objects ([35], 
[32]), diffusers ([36], [37], [38], [39], [40], [41], [42], [43], [44], [45], [46], [47], [48], 
[49], [50]), splitters ([51], [52], [32], [12], [53]), nozzles ([17], [9], [54], [55], [56], 
[57]) and boundary layer conditions ([51], [58], [59], [60], [61], [62], [63], [64], [65]). 
These may be significant depending on the frequency of interest. 
1.1.4 Jet noise 
Noise concern 
Concern about jet noise started in the late 1940's when the advantages of the jet engine 
led to an increase in its use. The studies of Lighthill ([66], [67], [68]) are of major 
relevance in this field. He describes the sound generated aerodynamically using a static 
distribution of monopole, dipole and quadrupole sources noise sources. He also showed 
that the acoustic power radiated by the monopole, dipole and quadrupole are 
respectively proportional to the flow velocity to the power V4, V 6 and VS respectively. 
His studies were complemented by several experimental investigations that verified the 
eighth-power law for quadrupole type sources and confirmed other broadband features 
of the jet theory related to convective amplification with the Mach number. Other 
authors, ([69], [70]) presented the effects of reflection on these sources. The 
modification of Lighthill theory to take into account solid surfaces was introduced by 
Curie [31] and approached afterwards by other researchers ([13], [71]) showing that the 
presence of solid boundaries gives rise to a dipole field due to the force with which the 
--------------------------------------------------------------------------~ 
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boundary acts upon the fluid. Nowadays, although the sound power levels have come 
down, the number of gas turbines in operation has increased and the regulations are 
more strict, which promotes continuing research ([72],[73]). 
Jet Characteristics 
When fluid emerges into a stagnant or more slowly moving background fluid, 
mechanical stresses results that cause the interface to break up in violent turbulent 
fluctuations, forming a jet. A jet is constituted of three regions as presented in Figure 7 
initial shear layer, potential core and mixing layer. 
Mixing 
region 
(-4D) 
Transition 
region 
(-4D) 
~~~.-.-.-.-.-. 
Potential 
core 
Mixing layer 
Figure 7 Jet structure 
Developed 
region 
The potential core is the region where the characteristics of the flow upstream of the jet 
formation are preserved. Outside the shear layer is the mixing layer that spreads from 
the jet exit and at its final state gives rise to a fully developed jet. For a plane mixing 
layer (from 1 to 4 diameters downstream) and for a Reynolds number greater than 1OS, 
the flow structure is self-preserving meaning that the average properties of the 
turbulence and of the mean flow are similar except for a change in scale [32]. At Iow 
jet Reynolds numbers, the disturbances associated with instability waves can be seen in 
the shear layer rolling up into toroidal vortices in the transitional flow region. To 
accommodate the growth, neighbouring structures undergo continuous change. 
Sometimes they group together to form 'vortex pairing' [74]. At other times a large 
structure can abruptly disintegrate. The preferred lengthscale for maximum spatial 
growth is 76 to 86 [51], where 6 is the thickness of the initial shear layer. In the final 
- - -- - - - - -_._-------- _ -- _ _ _ -------' 
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stages of transition, some authors argue that the vortex structures persist in the region 
where the flow is fully turbulent. Others suggest that large vortex structures arise 
naturally in the turbulent flow. At the end of the mixing layer the regular vortices 
disappear breaking up into turbulent structures, resulting in large localized pressure 
fluctuations [75]. The length of the transitional region where the toroidal vortices are 
found depends on the Reynolds number. The transition region is shortened as Reynolds 
number increases, although the structure at higher Reynolds numbers is not well 
known. 
What generates sound? 
A jet noise spectrum is characterized by its broadband characteristics and by certain 
tonal components. 
The broadband content of jet noise mechanisms normally fall into two types. Closer to 
the jet exit, the flow velocity is constant and proportional to the exit velocity, whereas 
downstream in the mixing region the convection velocity decreases with increasing 
distance from the jet exit. Therefore, each jet regions determines a different region in 
the sound spectrum. The contribution from the mixing region generally will be high 
frequency, while that from the fully developed region normally control the low 
frequency sound. The midrange frequencies are determined by the flow at the end of 
the potential core region [76]. Although the characterization of jet noise spectra based 
on the jet regions is in general accepted and valid, the fact that the mixing layer is 
mainly composed of a mean velocity field, a large eddy motion and a main turbulent 
motion introduces some instabilities to the flow. These instabilities can mask the noise 
generated by each of the jet zones giving rise to different noise characteristics. 
The large-scale turbulence (normally occurring at the end of the jet core) is directly 
responsible for the generation of the dominant sound at high velocities. However, it is 
still not clear whether large-scale turbulence generates sound at low Mach numbers 
[51], as the crucial factor is the effective phase velocity of the wave, which is small for 
subsonic flows. Crighton [52] says that large-scale ordered structures are responsible 
for jet noise production around the spectral peak and that vortex paring creates sound. 
As Reynolds number increases, the length of the transition region where the vortex 
pairing occurs decreases. Therefore, large structures are perhaps not the main source at 
low frequencies. On the other hand, some authors argue that in the final stages of 
~-------------------------------------------------------------. 
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transition, the vortex structures persist in the region where the flow is fully turbulent. In 
addition, large vortex structures arise naturally in the turbulent flow. The question of 
vortex rings and vortex paring and the resulting localized pressure fluctuations as a 
source of intense noise generation has been considered by many researchers, but 
remains unanswered for a jet at high Re, where the turbulent diffusion process acts to 
smear out such peaks in the pressure fluctuations. There seems to be a consensus that 
the other sources of turbulent flow noise at subsonic speeds are small compared with 
the noise generated by turbulent mixing, although not many authors have done 
experiments at very low Mach numbers and little is known for high Reynolds numbers 
(it is known that the region in which the paring can occur is smaller but it is not clear 
when paring disappears completely). On the other hand, [14] shows that the paired 
smaller scale vortices dominate the noise generated at low speeds and high Reynolds 
number. The large structure of the turbulence in the mixing region of a jet possesses 
similar structures that are coherent and extend in the direction of their convection. The 
amplitude of the unstable disturbances and their sub-harmonics grow initially 
exponentially within both space and time and are convected downstream with phase 
speed of about 0.6 of the mean speed. 
In relation to generation of tonal components in the jet spectra, jets generate vortex 
noise normally at low Re numbers [32]. Ring tones are one class of jet tones that 
involve axis-symmetric modes of the jet. The feedback structures are generated by the 
vortex shedding from the ring. The feedback disturbances reinforce axis-symmetric 
modes of the jet. 
The acoustic power spectrum of a jet generally is proportional to VB [66] and for 
subsonic speeds the predicted spectrum follows 1If at high frequencies and f at low 
frequencies [12]. 
Sometimes, the dependence on VB does not happen ([51], [15], [77]). Some 
experimental studies, including [51], have shown dependence of noise intensity on V 6 
at low mach numbers, although they assumed that this dependence is due to: 
- A non-uniform flow at the jet exit Get efflux that is either turbulent or bubbly) also 
called lip noise, which is sound generated by turbulence near the exit plane of an open 
tube [IS], [77]; 
- Edge dipole sound; 
------~-- - -
I 
I 
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- Interference of surfaces in the lab. 
- That it takes about 10 lengthscales downstream from duct lip to reach V8 law, and 
therefore, for low Re the law of V' and V6 appear near the outlet of the jet because of 
the long acoustic wavelength. 
In most of those papers however the main interest was on high-speed jets. Although 
they have highlighted the appearance of V·, not much emphasis, unfortunately, has 
been given to the identification of the proper source as most of the references found 
relate to higher speeds. 
How is jet noise modelled? 
One of the most important modelling approaches is Lighthill' s theorem. Lighthill 
replaced the fine-scale motion of turbulent flows (he called them small eddies) by a 
volume distribution of equivalent acoustic sources throughout the entire flow field. In 
this analogy, the sources are embedded in a uniform medium at rest, in which the 
sources may move but not the fluid. His equation for the sound power in the far field is 
proportional to the mean jet velocity to the eighth power (V8) and proportional to the 
square of the jet's diameter (d2). His experimental studies not only verified the eighth 
power law (for Mach numbers between 0.3 - 0.9), but also confirmed the other broad 
features of the theory relating to convective amplification with Mach number and 
consequent changes in the directivity spectra. The necessary modifications in 
Lighthill's theory to deal with flow-acoustic interactions are considered in [15] and 
[51]. Other modifications to include solid surfaces were first introduced by Curie [31] 
and subsequently by other researchers. Although not considered in this work, the 
effects of convection in high-speed jets are studied by Ffowcs-Williams [78] and later 
by [79]. LiIley ([80],[81]) suggested a modification to Lighthill's approach using a 
convected-wave treatment in Lighthill's equations to account for the distortion in the 
fields that occurs due to strong interaction between the flow and disturbance wave 
motions caused by the flow [15]. Changes in Lilley's equation to emphasize the effects 
of non-uniform density are given by [82]. Other models that do not use Lighthill's 
analogy are also used ([51] and [15]). 
Another important theory was introduced by Powell [83]. He investigated what 
characteristics of the vortex (or eddy) generate sound and discovered that vortex 
formation is the main noise mechanism. He isolated a ring and studied the changes in 
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fluid motion caused by the ring, showing that changes in vorticity and changes in fluid 
momentum can be seen as a dipole and a quadrupole respectively. He showed that the 
rate of change of the force applied to the fluid by the vortex motion determines the 
radiated pressure, which is the fundamental relationship for the dipole motion. 
Comparisons of Powell's results with Lighthill and CurIe's results are shown by [32]. 
After Powell, vortex sound became almost a subject of its own and many authors 
approached it ([84], [85], [86], [87], [88], [89], [90], [91], [92], [93], [94], [95], [96], 
[97], [98], [99], [100] and others) 
The methods above are mainly used to account for "small eddies", which are the small 
turbulent structures in the flow. During the seventies and eighties it was discovered that 
a jet is made up of large turbulence structures and fine-scale turbulence. With those 
discoveries, different models to approach the large turbulence structures, that had not 
been considered before, were introduced ([101]), [102], [103], [104]). 
To model the large turbulent structures several approaches are used [51], such as: 
Discrete wave model: they model large turbulence structures using instability waves. 
Most of them use only a single frequency wave. They are normally used to identifY the 
dominant frequency ofthe large structures ([105]; [101]; [106]); 
Computational aeroacoustics: methods like Large Eddy Simulations (LES) and 
Direct numerical simulation (DNS) would be very useful as they would give the 
temporal variation for pressure and velocity, but at the moment they takes a long 
computational time andlor are still limited to low Reynolds number; 
Discrete vortex model: the large structures are modelled as vortices. These models are 
normally the simplest and more efficient form of representing the structure, although 
sometimes they are limited to a particular geometry and to conservation of vorticity for 
the cases that they are modelling ([108], [109]). 
In computational aeroacoustics, recent advances are offering other approaches [110] for 
calculating jet noise, although this still remains a difficult task due to the wide range of 
spatial and temporal frequencies. They include techniques such as: DNS ([36], [1l1], 
[1l2], [113]), unsteady Reynolds-average Navier-Stokes simulations (RANS) [114] 
and k-epsilon [llS] and LES ([1l6], [1l7], [1l8], [1l9], [120], [121], [122], [123], 
[124]). Although all those methods offer reasonable solutions, there are several 
difficulties involved in each of them. DNS, is very complete but still does not offer the 
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possibility to account for high Reynolds number and RANS can be used for high 
Reynolds numbers but can only account for coherent structures. LES is an intermediary 
solution that computes Navies-Stokes equations for the large scales and uses RANS for 
the smaller scales. Due to these characteristics LES has been chosen to be used in this 
work as a way of inputting the flow characteristics (as a source) to the acoustics model. 
Literature results using LES so far have been used together with Lighthill's equations 
or as input for acoustics models based on the Kircthhofftheorem ([125], [126], [118], 
[127], [128], [129]). 
Studies of discrete vortex models were originally based on experimental work that 
showed the formation of vortex rings for certain flow conditions. Goldstein [15] shows 
that for 160 < Re < 1200 the flow from a jet becomes unstable generating vortex rings 
although other researchers say that vortex rings can persist at higher Reynolds 
numbers. From these observations, some models were created to describe large scales 
as vortex rings or a combination of vortex rings: Paul Pao [130] considers the jet 
radiation from vortex rings as beam patterns. In one approach, theoretical and 
experimental work was done to construct a model for the shedding of vortex rings 
[131] in order to simulate the real-time pressure variation in the acoustic region near a 
jet. The results show promise with respect to the near field, but show a complicated 
analysis in the far field. A similar approach is taken in [132] where the large-scale eddy 
structure of a circular jet is calculated from a potential flow model that includes the 
vorticity distribution. The model exhibits all of the observed general features of high 
Re numbers jet flows. The acoustic far field is calculated from the predicted unsteady 
vorticity distribution measured experimentally. Tang [133] shows a model for the noise 
production due to the activities of the vortex paring and due to the interaction and 
decay of the coherent structures. He says that the sound generated by a vortex is 
correlated with acceleration and deceleration of the vortical elements of both the thin 
vortex rings in the pairing stage and the relatively thicker vortex rings during the 
breakdown process. This suggested that the noise produced through the pairing of 
vortices and through the ring breakdown comes from the same mechanism of rate of 
change of the propagation velocity of the vortical elements. In observing these large 
structures formation, another finding is that when the flow is excited, these structures 
could remain present in the flow. Vaslov [134] shows the toroidal vortex ring that 
occurs when the flow is excited. With this finding, some researchers analysing large-
scale structures started focussing on what could be achieved by exciting the flows (e.g. 
reduction of the broadband noise [135]) and therefore few researchers considered 
• 
• 
• 
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closely what happens with the large structures at higher Reynolds numbers, especially 
if the Mach number is low, which is the flow characteristics of interest in this thesis. 
An adapted discrete vortex model is used as the acoustic model for flows at low mach 
numbers and high Reynolds numbers. Laufer [131] was one of the few that treated low 
Mach numbers and relatively high Reynolds numbers. His results show that for 
0.05 - 0.2 Mach numbers most of the radiation occurs along the first diameter of the jet 
and gives some physical insights into the sources of sound. 
1.2 Hypothesis Formulation 
Throughout this research, the overall question of how to determine the noise sources 
responsible for the majority of the low frequency noise generation is addressed and is 
the underlining hypothesis driving this research. It has led to some answers (presented 
in Section 1.1 and the next chapters) and to other questions that are here stated as two 
other hypotheses. 
The question of whether monopoles or dipoles are the major source of low frequency 
noise in this work is still open as an unknown until two particular experiments helped 
to clarify this question (more details are given in Chapter 4). Figure 5 shows that the 
system resonance peaks are present in most measurements. A particular case where 
only the duct and the diffuser are present (Figure 8) showed that the presence of the 
diffuser made the resonances more evident. In geometrical terms, the only difference 
between the two cases is the presence of the diffuser, which means that the main 
aerodynamic effects that could be generating sound are similar in both cases. 
The fact that both cases excite the system, together with the fact that the diffuser makes 
the resonances more evident, show that the aerodynamic source exciting the systems 
are present in both cases. Given that the flow phenomena that constitutes the source 
happens in both cases and the only difference between the two is in the exit 
characteristics, the source mechanism exciting the flow is therefore located at the exit. 
For a source at the exit of an open pipe system to be able to excite a system, it must be 
a pressure source as it is the only source type that can excite a modal position of zero 
pressure (i.e. the pressure node at the exit of a open duct). The fact that the source is a 
pressure source excludes the possibility of monopoles being the main source (as they 
are volume velocity sources). 
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With the possibility of a monopole source excluded, the second most likely source to 
be radiating at low frequencies would be the dipole source [136]. 
Independently, speed variation tests were conducted for several setups of the test rig 
(Figure 9 shows one of them) and they showed that the variation in power when the 
speed is increased is proportional to V 6 , which indicates, once more, according to 
speed ratios to acoustic power ([16],[32]) that the main source present in the system is a 
dipole. 
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Therefore, another hypothesis of this work is that the main low frequency source 
contributor is of dipole type. A secondary hypothesis originated from the fact that the 
fluctuations occurring at the exit of the duct or of the diffuser occur all around their 
perimeter. As the sources are dipoles present all around the duct perimeter and possibly 
in the external region, the secondary hypothesis is that: the source can be represented 
as a ring of dipoles or as a truncated cylinder of dipoles. 
To approach these hypotheses, Chapter 2 presents the analytical development of the 
two competing models for the sources. Numerical results for the models are presented 
on Chapter 3 and comparison with experimental results is presented on Chapter 4. An 
example using LES as the source input is presented on Chapter 5 and concluding 
remarks are given on Chapter 6. 
• 
• 
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Chapter 2 Analytical Modelling 
As presented in Chapter 1, the principal hypothesis in this work is that the main source 
of noise at low frequency is generated by a dipole. There are several flow phenomena 
that could generate dipoles sources in a jet leaving a duct, such as duct lip 
characteristics or low speed internal separation. However, vortex pairing or unsteady 
pressure field near the duct walls and aerodynamic jet instabilities at low speeds are 
assumed as the major aero-acoustics sources in this work. The exact behaviour of those 
aerodynamic movements is random and not completely known. This could mean that 
several different "dipole type" sources could exist or could be present at the same time. 
The "dipole type" sources are modelled here to calculate the far field radiation from a 
low speed jet. The main objective is to get an indication of how the source mechanisms 
of the low speed jet can be modelled for the purpose of understanding the resulting 
noise radiation. A qualitatively correct model gives a possibility to affect the sound 
radiation by manipulating the very source of the sound. 
This chapter, therefore, argues the case for two competing models that could represent 
the low frequency noise source, depending on which is the most relevant character of 
the source. They are simplified models as the interest is only in the far-field radiation. 
The first model, the Continuous Ring (eR) is physically developed to represent the first 
stages of a jet. The large flow structures start at the duct edge and rnark the beginning 
of the mixing layer. The turbulence in the shear layer around the potential core forms 
the shedding of vortex rings that grow and are convected downstream. Depending on 
the flow conditions this vortex may form pairs creating structures as presented in 
Figure 10. 
Due to forward fluid movement, vortices move downstream the flow. This movement 
has been represented as a moving ring by Maestrello [13 7] and Davies [9]. Here it s 
chosen to create a source covering the jet core to account for vortex generation that 
occurs on its surroundings and the possibility of rings rolling or paring. 
~~~------------------------------------------------------------- I 
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Therefore the Continuous Ring (CR) is created to represent continuous sources that 
could be happening over an extended length of the jet. 
(a) 
(b) 
Figure 10 Example of (a) vortex sheddiug, (b) vortex pairing 
A second competing model is created to represent a more discrete and localized 
concentration of dipole sources: a Discrete Dipole Ring (DDR) model. 
flow 
==> 
Figure 11 Vorticity generated when jet is being formed 
The discrete dipole ring model might represent surface pressure instabilities, exit 
discontinuities and local vorticity. The ring accounts for the fact that the dipole 
formation can occur all around the jet (Figure 11). 
A single dipole ring located at the diffuser exit is postulated here to represent 
adequately the primary acoustic source at low frequencies. 
------------------------------------------- - - - - - - - -
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It is assumed that the pressure inside the jet core is greater than outside, so that the 
inner region of the jet can be neglected. Therefore the impedance of the air inside the 
jet core is not considered. It also assumes the sources are not compact, so that they can 
not interact with each other in a near field to fonn more complex higher order sources. 
This chapter presents an introduction to dipole sources (as they are the base for all the 
modelling developed in this work) and the analytical development of the two 
competing models. 
2.1 Dipole 
This section covers the concept and equations for a dipole. This has already been 
presented in several standard bookwork, but is included here for completeness. 
A dipole consists of two equal monopole sources of strength S that are separated by an 
infinitesimal distance d and are pulsating 1800 out of phase with each other as shown in 
Figure 12. Figure 13 shows that whilst one source expands the other source contracts. 
The result is that the fluid near the two sources moves back and forth to produce the 
sound. A dipole source does not radiate sound equally in all directions. The directivity 
pattern of that there are two regions where sound is radiated well, and two regions 
where sound cancels. 
~ ___ ~R ___ p 
Figure 12 Dipole source, consisting of two monopoles S, creating a dipole D 
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Figure 13 Pressure field created by a dipole source [1381 
When the distance d is small enough that kd« 1, the dipole is considered a point 
source. In this case the superimposed pressure is given by; 
Where D s the dipole strength given by §. d and Gk{xJXS) is the Green's function, 
associated with the boundary conditions. If the dipole is considered to be in free space, 
the acoustic pressure becomes: 
(D ikR) p{R)=-V s · + 
" e
ikR 
p(R) = -D· eR(ikR -1]· Ji2 
Where eR is the unit vector pointing outward from the dipole centre to the receiver 
position When a concentrated point force F is applied to a fluid the 
compression and rarefaction activity create a dipole field. This can be represented by an 
oscillating thin disk ([6]) as shown in Figure 14 provided its radius is small compared 
to the wavelength. As the disk has an associated frontal area and exerts a net force into 
the fluid the acoustic source created in this manner can be described as a pressure 
source. 
---------------------------------------_. ! 
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Fignre 14 Representation of a time varying concentrated point force 
The relation between the dipole source strength and the force is given by: 
, F 
D=-
4n: 
So that the acoustic pressure becomes: 
" - ikR A() F'eR ['k 1] e p R = -~ 1 R - . R2 
1 e'kR jJ(R,e,l/J) = --Fro cos(e)(ikR -1)-2 4;r R 
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( 1) 
Where k (cycles/m) is the wave number, p (Kg/m3) is the density and R (m) is the 
vector distance between the dipole centre and the measurement position. Fw is the 
complex, frequency dependent dipole force. The angle e is the angle between the 
dipole axis and the radius vector R to the measurement point, as presented in Figure 
12. 
The radial velocity is given by: 
vR(R,e,l/J) = (~)!.... p(R,e,l/J) 
lWP aR 
A )_ i(-2+2ikR+k'R2)cos(e)F" e'kR 
vR(R,e,1/J - 3 41TCkpR 
l The time-averaged intensity is given by: 
1 (. .) 1=2 pv +pv 
Hence, the radiated power is given by (e.g. [139]): 
'b<n 
W = f f /r2 sinedBdI/J 
o 0 
W = F;/k' 
12npc 
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( 3) 
( 4) 
( 5) 
The intensity equation shows, as expected, that the dipole has a dependence on the 
angle e, creating an eight-shaped dipole directional field. The pressure amplitude has 
its maximum at the dipole axis and for KR., 1, it is inversely proportional to the 
distance from the source. The radiated power expression shows the dependence on the 
frequency squared (e) and on the source strength. 
Aero-acoustics examples of dipoles are: forces such as lift and drag (propellers at low 
frequencies; rotor, fan and compressor noise), airframe noise (undercarriage gear noise, 
cavity resonances in the undercarriage, surface roughness), flap noise (vortex passing 
close to surface) and general vorticity. 
2.2 Continuous Ring (CR) 
This section presents the development of the Continuous Ring model. This includes the 
development of the equations for the sound power emitted by the Continuous Ring and 
some insight on energy distribution aspect in a jet. 
• 
• 
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2.2.1 Acoustic power formulation 
An expression for the acoustic pressure in the far field due to the presence of a 
Continuous Cylinder Source is developed as a function of the source's acceleration iV, 
and accounts for source variations in the tjJ and in the z direction. The sound 
propagation is solved using cylindrical coordinates (r, tjJ and z) as show in Figure 15. 
r z 
Figure 15 Continuous Ring - cylindrical coordinates 
The wave equation in cylindrical coordinates satisfying the equations of motion (e.g. 
[140]) is: 
The dependence is considered to be harmonic (e -iON) and will be omitted from here on: 
To account for non-periodic motion in the z-direction, which is more suitable for 
representing the jet core fluctuations, a Fourier transform in z is applied to the 
Helmholtz equation. The partial differential equation governing the pressure transform 
p(r,tjJ,y) is then: 
( a2 1 a [2 2] 1 a
2 ) _( ) 
-2 +--+ k -k, +2-2 p r,tjJ,k, =0 
ar rar r atjJ ( 6) 
• 
• 
• 
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Considering the solution as a group of standing and progressive harmonic waves, the 
solutions, using the method of separation of variables (e.g. [141]), can be ofthe form: 
p = l1(r )<1>( cp )r(Y)T(t) ( 7) 
Substituting (7) in (6): 
The left-hand side depends only on r and the right side depend only on cp. Assuming 
(_n 2 ) to be the constant that both sides equal to and solving for cp gives: 
1 a2<1> 2 
----=-n 
<I>(cp) acp2 
( 8) 
Solving for r gives: 
Transforming now gives Bessel's differential equation [142], which is known and has 
exact solutions. 
The exact solution (solving for R) using Bessel's function, assuming that there are only 
progressive waves, is given by: 
• , 
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( 9) 
Where H~)(t;) and H~2)(t;) are the nth-order Hankel functions of the first and second 
kind respectively. H~l) decays from the axis r = 0 and H~2) increases from it. 
Substituting (8) and (9) in (7) gives: 
(10) 
k, =~e_y2 
In order to ensure that the pressure is the same at if! and if! + 2n the values of n must be 
integers. 
Since e-iw, has been chosen as our time-harmonic dependence H~)(k,r) represents an 
outgoing wave travelling in the direction of increasing r (as it decays in amplitude 
when outward travelling from the source) and H~21( k,r) represents an incoming wave 
travelling in the direction of decreasing r (as it increases in amplitude when inward 
travelling to the source). The radiated acoustic field from a cylinder is assumed to 
propagate in free space; therefore there will be no reflected waves. The radiation from 
the end of the cylinder is not considered in this analysis (Figure 16). 
v=o v 
C:::::::::::::-':::::::::C~--,.--.,( 1 v,=o 
Figure 16 Cylinder radiation 
The radius of the cylinder is chosen to be a> 0, as shown in Figure 15, avoiding the 
use of r = 0 in the equation (9). As the cylinder is radiating into free space, there are no 
reflected waves, so that Br = 0 in equation (9). 
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Since the sum of all possible solutions of the Helmholtz equation is also a solution 
[143]: 
~ 
p(r,tjJ, y) = L,A,H~l)(~e - y2r)cos(nt/J) 
,-0 
(11) 
This equation has been used by several authors and shows that the pressure is given by 
a summation over the n circumferential modes. Physically, H~l) represents the 
azimuthal modal numbers as presented in Figure 17 for the first three circumferential 
modes. In this sense, n = 0 can be thought of as a breathing mode, which corresponds 
to a monopole, n = 1 corresponds to a dipole, n = 2 corresponds to a quadrupole and so 
forth (e.g. [144]). 
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Figure 17 Modes of vibratiou of a ring 
Consider first that dipoles sources are created on the surface of the cylinder with no 
particular orientation (Figure 18). 
Figure 18 Cylinder of Dipoles 
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Under steady-state conditions the acceleration is spatially periodic for a surface 
surrounding the whole volume. For infinite cylinders, the spatial periodicity can be 
restricted to the coordinate tjJ and the sound field can be expressed by a Fourier series 
in tjJ. Therefore the force distribution at the boundary is given by: 
~ 
F(z,tjJ) = -p 2: BJ(z)cos(ntjJ) (12) 
n-O 
Where f(z) accounts for a single decay profile in z. At the boundary r = a, the 
boundary condition is [136]: 
au 
'Vp+ p-=F 
at 
It's Fourier expansion then becomes: 
JfJ(r,tjJ,r) _p 2:Wng(r)cos(ntjJ) + 2:BJ(r)cos(ntjJ) 
ar n n 
'~ ___ y.--____ J '~ ___ y~_----,I 
volume flux term force term 
(13) 
Where Wn is the acceleration distribution constant, Bn is the force distribution constant, 
r is the wave number in the z direction and g and f are the profiles in the direction. 
This equation has been used in standard bookwork with the volume flux tern. Here the 
force term has been added to represent the dipoles influence. 
A spatially non-periodical Fourier transform is used for z (e.g. [145]). The transform is 
presented below: 
~ 
J(r) = J f(Z~-iyZdz 
-~ 
f(z) = _1 J J(r~iyZdr 
2n: _~ 
Substituting equation (11) into (13) at r = a, gives: 
( 14) 
L-________________________________________________________ _ 
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A = -pWn8(Y) + BJ(y) 
n (e _ y2))\ H~(l)[(e _ y2))\ a] (15) 
Substituting (15) into (11) results in: 
not considering the volume flux term (that represents the monopole influence as the 
monopole is a velocity source) gives: 
-( ) ~ BJ(y) H(1)[(k2 2))\] ("') p r,i/J, y = LJ v [ ,/ 1 n - Y r cos n'l' 
n (e-y2rH~(1) (k2- y2Y'a 
So that the inverse Fourier transform finally gives the acoustic pressure field: 
(16) 
In the far field, the Hankel function can be approximated by [146]: 
Therefore the pressure becomes: 
The acoustics pressure in spherical coordinates (Figure 19) is given by: 
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Figure 19 Polar/spherical coordinate systems (r = Rsine,z = Rcose) 
The integrand is of the form <I>exp(i,¥), which is suitable for stationary phase 
integration [151]. The modulus and phase of the integrand are respectively: 
The stationary phase integration can be constructed by using: 
Therefore the pressure is given by: 
eiRk ~ • ,+1 f{kcos(8)) 
p(r,ifJ,z) = . ()L,(-z) B,cos(nifJ) (1)(. ) kRn:Slll 8 , H', ksm8a 
Hence the power in the far field in the direction per unit of solid angle is: 
R2 2"[" 2 } W = -J Jlp(R,8,ifJ)1 sin(8)d8 ifJ 
2pc 0 0 
• 
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w = e
i2nRk 2:!Ht+2 IB 12(4mr+sin(4mr))j f(kcos(O)) 2 sin(O) dO) 
4pcen3 n n. 4n 0 H'Z)(ksinOa) Isin(Ot (17) 
This equation gives the sound power for the Continuous Ring source. This shows the 
dependence of the power in relation to the number of modes chosen in I/> direction. 
This equation is also proportional to the source force squared. The sound power is then 
nonnalized dividing by the cylinder surface area: 
(18) 
This normalisation is used in Chapter 3 for the comparison of the models, as the 
Discrete Ring source has a much smaller length. 
2.2.2 Profile in the z-direction 
This section is intended to give an overview of how the energy contained in the 
Continuous Ring is spread spatially. This is done by analysing the f profile. The 
physical shape of the profile f is assumed to be known and to be invariant with the 
angle 1/>, as presented in Figure 20. 
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Figure 20 Coutinuous Ring - cylinder based model 
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The profile for j (Figure 21) is chosen taking into consideration the following 
characteristics for a typical jet energy profile as observed in real jets: it starts small at 
the duct exit, grows reaching a peak and decays [147]. In order to satisfy those 
characteristics a Gaussian function is chosen to be used with a small standard deviation, 
as it approximately represents the peak/decay behaviour with the advantage of having a 
simple Fourier transform. Although this function is not strictly correct for describing 
the behaviour as it tails on both sides are infinite, it is used here for comparison with 
the finite profile. Although this function is not strictly correct for describing the 
behaviour, as it tails on both sides are infinite, it is used here for comparison with the 
finite profile. The Gaussian function is given by: 
_2-(,_",)' j(z)=e 0' ( 19) 
where a is the variance and ~ gives the peak position. The Fourier transform of (19) 
using (14) is: 
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Figure 21 Amplitude ofa Gaussian function representing the energy profile in the z direction 
Now considering aspects observed in this particular research, from the experimental 
results (presented in Chapter 4) it is known that the flow phenomena happening at more 
than one diameter away from the duct exit has little influence on the low frequency 
noise under consideration. Results from hot wire measurements taken near the jet exit 
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also indicated that the fluctuation level near the exit is stronger in other areas of the jet 
[148]. For this reason and due to the fact that finite profiles are more realistic, they are 
introduced here for comparison against the infinite profile in order to verify the 
relevance of each type of profile and the length of the cylinder, using the Continuous 
Ring Model (Figure 20). 
To represent a finite profile, a triangular function is used. The triangular function is 
chosen such that that it contains the same internal area as a normalised Gaussian 
function. The function is presented below: 
J(z}=O 
J{z}= 2yo z+ YoL 
2zo+L 2zo+L 
J{z) = 2yo Z _ YoL 
2zo -L 2zo-L 
J(z)=O 
I 
-ClO<Z<--
2 
I 
--< z<zo 2 
I 
Zo < z<-
2 
I 
-<z<oo 
2 
In order to be able to compare the finite and infinite profiles in Chapter 3, the area 
underneath the curve is chosen to be equal to an elementary area. For that, the value of 
Yo has to be Yo = 3{. The Fourier transform of the triangular function is: 
To verifY the behaviour of extremely localised sources, leading to a ring instead of a 
cylinder using the Continuous Ring model, a Delta Dirac Function is used. The Delta 
Dirac function and its F ourier transform are given below: 
f{z - zo) = 6{z - zo) 
00 }(y) = f l5(z - zo}!-2m"dz = e-2,.,,,, 
_00 
This will be used in the comparisons presented in Chapter 3. 
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2.3 Ring model 
The Discrete Dipole Ring model is developed as a set of N discrete dipoles on a circle 
centred on the geometric centre of the duct/diffuser exit, and equally spaced from each 
other around the ring (as presented in Figure 22). The dipole sources are at a distance Rn 
from the observation point. Here, as the sources are discrete, a pure operator in the 
radial direction is used instead of the cylindrical wave equation. 
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Figure 22 Schematic representation of the discrete dipole ring model 
The complex acoustic pressure at a measuring point P (using p(t) = Re{pe- iwt } 
convention) resulting from each dipole is given by (1): 
A _ ikR 
p(R,(},IjJ) = - F~;R [ikR -1]· ~2 
L-________________________ ~ ___ . _______ _ 
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The acoustic pressure at some point in the far field (PIf) due to the presence of the 
discrete dipole ring is given by the sum of all the n dipoles present: 
, " A PIf = ~Pn 
n 
( 20) 
And the radial acoustic velocity (v If) at the same point is given by: 
at R=Rp. 
The time-averaged intensity at each measurement position is calculated by: 
The radiated power is obtained by integrating the intensity in the far field with respect 
to the angles 8 and cP (Figure 23) over a spherical surface. 
2~ ~ 
W = f f JR2 sin8d8dcp (22) 
o 0 
z 
e p 
x 
Figure 23 Sperical Coordinate angles used for power calculations 
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Both the sound intensity and sound power are dependent on the angle that each dipole 
has in relation to the measured point and the strength of each dipole. Euler angles [152] 
are used for the determination of these angles. The DDR intensity and power are 
calculated numerically and the results are presented in Chapter 3. 
For comparison involving different number of sources in DDR, a normalisation for the 
sound power is used by dividing the sound power by the number if dipole sources. 
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Chapter 3 Numerical Results 
In this chapter the numerical results for the models shown in Chapter 2 are presented. 
These results are then compared with experimental findings in Chapter 4 to validate the 
models. 
Section 3.1 shows the numerical issues associated with the present calculations. 
Sections 3.2 and 3.3 look into radiation efficiency aspects of the Continuous Ring 
model and the Discrete Dipole Ring respectively. Section 3.5 and 3.6 will focus on 
source characterisation discussing jet noise spectra characteristics and aerodynamic 
spectra respectively. 
The results presented in this chapter include plots of sound power level (Lw) against 
Helmholtz number (kl), where I is the length of the duct chosen to be the same as the 
length of the experimental duct (I = 1.5m). The kl range of interest is up kl = 6. A 
reference power of Wo = 1 X lO-12W is used. 
Intensity plots are generated against the angles 0 or rp. The intensity plots were taken at 
R = 36m away from the centre of the ring (this distance is chosen to make sure that the 
contours are not in the near field for the lower frequencies) and the results are obtained 
at every degree. All the intensity plots are in W / m 2 through a plane looking into the 
duct. The atmospheric conditions are considered as standard ISO conditions. 
3.1 Numerical Issues 
F or the sound power calculations on the Continuous Ring (Equation 17), numerical 
integration is used by applying the Expanded Trapezoidal Rule [150] with 64 interior 
point elements. The error implicit in this method is of the order: 
L-______________________________ _ 
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where a and b are the lower and upper limits of the integration, N is the number of 
intervals used and f is the function being integrated. 
Other sources of numerical error such as the elementary area used in the power 
calculations for the Discrete Dipole Ring (Equation 21) were relatively small when the 
elementary areas are formed by varying one degree in () by one degree in rp. 
3.2 Case Studies - Continuous Ring 
In order to address radiation efficiency aspects related to the Continuous Ring model, 
case studies are set up. They are used to verify the influence of the force profile (f) in 
the z direction and the force profile in the rp direction on the radiated noise. These 
calculations use the model defined in Section 2.2, in particular using Equation 22 for 
the sound power. The integral in this equation is calculated numerically using the 
Expanded Trapezoidal Rule [150]. The sums for the first three circumferential modes 
(n = 0,1,2) are included in this analysis as the interest relies on low frequencies and the 
fist three modes are the most efficient radiators. 
The following values apply for the variables, unless they are being varied for a 
particular example. 
L=1.5m 
D=O.l5m 
20 =D 
Yo 
a=L 
length of the cylinder (chosen to be the same as the experimental 
investigation in Chapter 4) 
diameter of the cylinder (chosen to be the same as the as the 
experimental investigation in Chapter 4) 
position in z of the peak of the z (chosen to be at one diameter away 
from the duct exit) 
amplitude of the peak position in the z 
variance of the Gaussian function 
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Figure 25 Lw -Gaussian function with different variances 
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To check the influence of the peak position on the Lw, two peak positions in the 
Gaussian function are chosen (zo = D/4, ZO = 3D). Figure 26 shows that varying the 
peak position does not influence the spectrum. 
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Figure 26 Lw -Ganssian functions with different peak positions 
Figure 27 shows the influence of the diameter of the cylinder when a Gaussian function 
is used as the force distribution in the z-profile. The results show that at low 
frequencies when the cylinder's diameter is increased Lw increases, as bigger objects 
have a bigger radiating surface and therefore the radiation efficiency is higher. 
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Figure 27 Lw -different cylinder diameters using a Gaussian functiou 
For the cases when a finite cylinder is considered, a triangular function is used. The 
effect of reducing the cylinder length (Figure 28) increases the noise level and makes the 
spectrum flatter at low frequencies. The level increase is due to the fact that by having 
kept the radiating area constant (whilst reducing the size of the cylinder) the force 
amplitudes become higher, as presented in the Gaussian function case. However, in this 
case, the increase in amplitude is also followed by a decrease in the source dimension, 
which reduces the radiation efficiency. The influence of these two phenomena together 
explains the "convergence" to a certain level at the low frequency end. 
At higher frequencies, the cylinder spectrum shape is not affected, but the level 
increases (Figure 28). A finite flat finite profile in z is also shown in this figure to 
explore the behaviour of the finite profiles further. The results show that for the same 
length the presence of a peak increases the Lw slightly. Reducing the length of the 
cylinder tends to flatten the spectrum at low frequencies and increase the Lw at higher 
frequencies. 
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Figure 28 Lw • Triangular function with different cylinder lengths 
44 
Varying the peak position for the triangular function also influences the shape and thus 
has a very small effect in the Lw (Figure 29). Although the difference is small, it is 
bigger than the difference presented for the Gaussian function. This highlights that for 
smaller size sources the position of the source could have a small effect in Lw' 
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Figure 29 Lw • Triangular function with different peak positions 
The influence of the cylinder diameter is also verified with the triangular function 
(Figure 30) that shows that the increase in diameter increases the sound power level as 
bigger objects have a bigger radiation area. 
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Figure 30 Lw -for different cylinder diameters using a triangular fuuction 
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The results when a Dirae Delta function is used as the profile in z, for different peak 
positions is presented in Figure 31 and confinns that the ring position is not relevant. 
Figure 32 shows that by increasing the diameter of the cylinder when a Dirac Delta is 
used as the z-profile, increases the Lw, in the same way as for the other z-profiles. 
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Figure 31 Lw - Dirae Delta functiou with different positions 
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Figure 32 Lw . Different cylinder diameters using a Dirae Delta function 
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The following two plots (Figure 33 and Figure 34) present a comparison between the three 
z·profiles presented for two different cylinder lengths (variance for the Gaussian 
function). It shows that the smaller the lengths of the cylinder, the more the results 
approach the Delta Dirac function, as expected. 
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Figure 34 Lw - D = O.ISm, L = D/2, Za = DJ4 
3.3 Case Studies Discrete Dipole Ring 
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In order to address radiation efficiency aspects related to the Discrete Dipole Ring 
model several case studies have been set up. The aim of this analysis is to pin down 
ways in which a dipole (or groups of dipoles) could be placed in a discrete ring in order 
to be able to generate low frequency noise. For that, a dipole is chosen to be the first 
test case as it is the simpler case and its results are used for comparison and 
normalization of the Discrete Dipole Ring results. Then, other dipoles are added to the 
ring, so that there combined effect in the radiation can be analysed. 
These combinations of sources are important when trying to understand the phenomena 
happening in the flow. For instance, there could be a series of localised fluctuations in 
the gas turbine exhaust flow happening due to flow characteristics when passes by the 
diffuser scarf angle and diffuser. These fluctuations could also be originated from the 
jet flow characteristics. Overall, these force fluctuations could be forming dipoles in 
phase or out of phase from each other situated around a ring and the interaction 
between these sources mayor may not form dipole-type sources. 
The model defined in Section 2.3 is used in these calculations. The diameter of the ring 
(chosen to be the same as the as the experimental investigation in Chapter 4) is 
D=O.lSm. 
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A single dipole is considered here for reference purposes for the comparison with other 
combinations of sources that is presented later. (b) 
Figure 35(a) shows radiated power results for a single dipole when its force profile in 
kl is flat (constant amplitude against wavenumber domain). The result shows that the 
sound power level follows e as expected. Once again, for reference, when compared 
with other cases and to test that the code developed for the calculation of Euler angles, 
the dipole's intensity is plotted. The result shows as expected the characteristic 
directional dipole lobes (Figure 35). 
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When one dipole is placed in the ring the intensity pattern shows a distortion towards 
the side where the dipoles are placed (Figure 36) as expected. 
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When two dipoles are placed in the ring separated 180 degrees from each other, the 
results vary according to whether the dipoles are in or out of phase in relation to each 
other. When the dipoles are in phase they both move outwards in relation to the ring, 
but in opposite directions in relation to each other. For wavelengths big compared to 
the size ofthe ring, this creates a cancellation effect, reducing the power radiated by the 
dipoles. If the dipoles are out of phase, they move in the same direction in relation to 
each other and given the high wavelength this creates an increase in radiated power 
(Figure 37 (a». It is important to highlight that this effect disappears with increase in 
frequency. Figure 37 (b) and (c) show the resultant intensity patterns for dipoles in 
phase and out of phase respectively. The dipoles with the same phase present slightly 
narrower lobes than a single dipole whilst two dipoles with opposite phase present 
slightly larger lobes than a single dipole. 
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To verifY the effect of introducing more dipoles to the ring, the number of dipoles is 
increased. The results show that the radiated power still increases with kl but does not 
follow k' in the same way as a single dipole does (Figure 38(a)). This behaviour is 
observed to Helmholtz number up to around 20. The intensity results show that with 
increasing number of dipole sources in phase, there comes a point (for each radius 
where the intensity plot is produced) where the sources are well superimposed and the 
pattern of each individual dipole can no longer be seen any longer (Figure 38(b»). 
However the same is not observed when random phase forces are introduced into the 
dipoles (Figure 39). The fact that some dipoles have higher individual forces prevents 
the development of an even intensity pattern. Physically, this could mean for instance 
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that at the beginning of a jet, if all the vortex formed are in phase they probably won't 
present a dipole-type source when acting together. On the other hand, if these dipoles 
are out of phase, they could be generating dipole-type spectra despite the fact that the 
intensity patterns don't necessarily show dipole structures. 
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Figure 39 Ring with different number of dipoles in the radial direction (force with random phase) 
(a) Lw (b) Intensity 
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Another aspect considered is the direction of the dipoles in relation to the ring. Figure 
40 show the results for when the dipoles face the axial direction. From the results it can 
be seen that when dipoles of constant forces are all radialy oriented they interact more 
with each other cancelling their contributions and therefore the radiated power is lower. 
On the other hand, when the dipole forces are random forces (Figure 41), this effect 
almost disappears and the k' increase of power with frequency continues to happen. 
When the dipoles are introduced at 45 0 , the behaviour is similar to when the dipoles are 
facing the z-direction but with lower amplitude. This is due to the fact that the 
components in the x-direction tend to cancel each other and the main contribution is 
then in the axial (z) direction. 
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3.4 Comparison Cases 
One way of comparing the Continuous Ring and the Discrete Dipole Ring models is to 
consider a situation where both show essentially the same behaviour. Therefore, it is 
chosen to make them both oscillate as a dipole source. To make the CR oscillate as a 
single dipole source (Figure 42(a» only it's n=] mode is considered. On the other hand, 
to have the DDR oscillating as a dipole several dipoles were distributed symmetrically 
around the ring, with phase angles as in Figure 42(b). All the results are normalised on 
the cylinder surface area for the eR and on the ring perimeter for the DDR. 
,-,-------------------:-\ 
I \ I \ 
I \ ( , 
, \ , \ 
, \ I \ 
I I I I 
, I I I 
:: J: , , 
, ' \ f \ I \ : \ } 
\ I \ , 
\ , ,-' \_~ ---------------- -
(a) (b) 
Figure 42 (a) eR acting as a dipole (b) DDR acting as a dipole 
Comparing the acoustic power results (Figure 43) one can see that the slope in the 
frequency range of interest is the same for the dipole, DDR and Continuous Ring, but 
the levels for CR are lower. At higher frequencies, the cylinder effects start to influence 
the Lw and levels drop. 
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As a more general case, the models are compared using some of the results presented 
previously. The eR configuration used here is using the first 3 modes in t/> and the 
different z-profiles. The DDR model uses 8 dipole sources radialy orientated and 
equally distributed around the ring. Figure 44 shows the results for constant forces. 
Although both models shows similar sound power levels, their trend characteristics in 
frequency are different. DDR shows the same increase with frequency as a dipole 
would, whereas the eR model shows a decay. When forces with random amplitude and 
phase are considered, the results (Figure 45) show that the DDR preserves the dipole 
trend in frequency (as it is only dipole based), whereas the eR does not, probably 
because multiple modes in cl> are being considered. 
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None of these results shows the effect of variation of the force term in frequency. This 
is approached in the next sections. 
3.5 General jet noise spectra characteristics 
In the previous sections, noise radiation efficiency aspects were considered. In order to 
focus on some of the source characterisation aspects that are be presented in Section 
3.6, some major characteristics of jet noise spectra are given here to help in the later 
analysis. 
The jet noise spectrum is discussed in Chapter 1 and has the shape given in Figure 46. 
The sound power level increases parabolic ally along with increase in frequency until it 
reaches a peak and then decays with increasing frequency. This spectrum is presented 
using the StrouhaI number to non-dimensionalise it. The Strouhal number is given by: 
ID St=-
V 
where f is a characteristic frequency, D is a characteristic diameter and V is the mean 
flow speed. 
• 
• 
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Figure 46 shows some values for the characteristics of jet noise peak sound power 
levels found in the literature. The Strouhal number at the peak generally varies from 0.1 
to 0.4 for M s 0.9. For low Mach number flows not many data is found, but for the 
lowest speeds found, the Strouhal number at the peaks lies between 0.1 and 0.2 . 
W(dB ) /-~ 
/ ~ 
/ ...... 
. , ., 
St \0 
Figure 46 Jet uoise spectra general sbape [1541 
Strouhal Number 0.11 0.1 0.4 0.2 0.2 0.33 
Mach Number 0.4 0.435 0.36 <0.7 0.36 0.9 
Jet diameter (m) 0.051 0.12 0.05 N/A 0.025 0.051 
Peak frequency 300 N/A 1000 N/A 1000 2000 
(Hz) 
Reference [12] - [153] [154] [12] [12] 
Table 1 Stroubal number obtamed from Jet nOIse lIterature 
Assuming St = 0.2, as suggested by [154], considered as appropriate for the case 
considered in this thesis (M = 0.08, D = 0.3), the corresponding frequency and 
Helmholtz number are given by: 
fD St=-
V 
V 30 f = 0.2- = 0.2- = 20Hz 
D 0.3 
kl = ill l = 2JT;j l = 2n20 0.3 ~ 0.1 
c c 340 
• 
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This kl should then correspond to the jet noise peak and will be used for comparison 
with experimental results . 
3.6 Aerodynamic Source Spectra 
The results presented so far for both models are all with a source term constant in 
frequency, looking into radiation efficiency aspects. This section, on the other hand, 
covers some source characterisation aspects by introducing a "generic" profile. Other 
aspects will be cover in Chapter 5, where an example of LES data as the source input 
will be presented. 
In order to get to a generic result that is somehow realistic, an appropriate spectrum 
profile for the pressure sources has to be considered. This generic spectrum is then 
introduced into the models as an example of a source spectrum. 
3.6.1 Aerodynamic jet spectrum 
To introduce an appropriate generic profile for the sources, the classical spectrum of 
turbulence that was described by Kolmogorov and others is considered. This spectrum 
represents the turbulent fluctuations and associated cascade process that occurs in 
turbulent flow. The Kolmogorov energy spectrum is divided in three parts: an energy 
containing range, an inertial range and a dissipation range (Figure 47). 
Energy 
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Figure 47 Kolmogorov spectra [155] 
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The first region in the spectrum has anisotropic large eddies and is the one containing 
most of the energy. This region normally shows a parabolic (e) increase in the energy 
levels with increase in k. In reality, most measurements are taken only in one direction 
and therefore only a one-dimensional spectrum is measured. In the one-dimensional 
spectrum this region becomes flat. The large energy-containing eddies are then 
stretched and broken down into smaller eddies that form the inertial sub-range . 
The inertial-sub range is the range where the motions are dominated by inertial effects. 
It contains isotropic small eddies and the energy is transferred successively to smaller 
eddies. In this range the energy-spectrum function [155] presents the Kolmogorov's 
- y, decay spectrum. The turbulence is finally broken down and converted into internal 
energy in the dissipation range. The energy is dissipated by viscosity. In this range the 
energy decays exponentially with the wave number ( k). 
To represent the energy spectra characteristics, here a model of the spectrum [155] is 
used. This model can be scaled in two different ways. One that makes the low 
frequency part of the spectra converge (large scale-normalization) and another that 
makes the high frequency range of it converge (small scale normalization). Given that 
the major interest in this work is in the low frequency range, the large-scale 
normalization is used here. 
If one considers a jet issuing from a pipe then turbulence is generated by the shear layer 
around the periphery of the jet. These shear layers grow, due to mixing, until eventually 
they meet on the centre line - this represents the end of the so-called 'jet potential core'. 
The scale of the turbulence is reflected in the size of the potential core. Noise is 
produced by fluctuations in static pressure - and these are created by turbulence. Hence 
in general it is logical to assume that the scales of the turbulent velocity fluctuations 
also reflect the scales associated with the pressure fluctuations. For isotropic turbulence 
various calculations have been done and have yield formulae such as [156]: 
p' '" p' V,2 
which supports the argument of using the energy profile as the force profile. Although 
a jet does not show only isotropic fluctuations, especially at low frequencies, the 
generic energy spectra, is here used to exemplify a type of input source data. For that, a 
model energy spectra proposed by Pope [155] is used. 
It 
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3.6.2 Results of introducing aerodynamic jet spectrum into eR & DDR 
This section presents the results using the aerodynamic profile as the source force 
decay in frequency in both models. 
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Introducing the aerodynamic kl profile into the Continuous Ring model source term, 
gives a very accentuated decay in kl as shown in Figure 48. This decay happens both 
for constant force or not. 
The same examples presented in section 3 are used here with the aerodynamic profile 
applied to DDR so that the results can be compared. Figure 49 shows that for a single 
dipole the introduction of the frequency dependent source term makes the spectrum to 
increase with frequency, reach a peak and then decrease with increase in frequency, 
with a decay slope is 12 dB/decade. The peak using these particular profile happens at 
kl=0.5, which is much higher than what is expected for a typical low speed jet spectra. 
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When 8 dipoles are placed around the ring and the dipoles are all in phase (Figure 50), 
the results show that there is a significant reduction in level when the dipoles are 
oriented in the radial direction. When sources with random phase are considered (Figure 
51), the results both in the longitudinal direction and in the radial direction present 
similar results for the peak amplitude (kl-O.3) and decay rate of 12db/decade at lower 
frequencies and 25 dB/decade at high frequencies. 
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Overall, the introduction of a generic aerodynamic profile is useful as a preliminary 
visualisation of what the real spectra is likely to be. For instance, in the case of a simple 
dipoles, once the aerodynamic profile has been included as the source input Lw 
presents more realistic values than the ones showed in Figure 35, where the level of 
energy would just keep rising with frequency. However, the assumptions made to use 
this model, mean that it is primarily not so valid at low frequencies. Therefore, more 
appropriate source values will be introduced from LES calculations and discussed on 
Chapter 5. 
3.7 Summary of findings 
This chapter shows the analysis of the results for the two analytical models presented in 
Chapter 2. 
Radiation efficiency aspects are considered for both models. In the Discrete Dipole 
Ring, the major finding is the fact that dipoles displaced in a ring with forces out of 
phase, can create dipole-type noise spectrum. 
F or the Continuous Ring using a constant kl profile, the results show that: 
- The position of the force peak is not very relevant 
'----------------------------------- - -- ---
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- The sound power level decays with increase in frequency 
- For a given force profile, the bigger the radiating area the higher the sound power 
level is at Iow frequencies, for a given radiation surface, the higher the higher the sound 
radiated will be. 
When addressing the source characterisation aspects a "generic" aerodynamic profile 
has been used as an example of input source force in both models. The results shows 
sound power levels with accentuated decays in frequency. This leads to the fact already 
known that the jet the "generic" aerodynamic model is not completely valid at the first 
stages of the jet, as the flow at that stage is formed of other structures (such as vortex) 
than only isotropic turbulence. Nonetheless, these results are used in Chapter 4 for 
comparison with the experimental results. 
------------------------------------------------------------------------------------ I 
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Chapter 4 Experimental Investigation 
In Chapter I the hypothesis of dipoles as the main source of noise in industrial gas 
turbines at low frequency is introduced. In this chapter, the experiments that verified 
this hypothesis are analysed in more detail. This chapter also shows how some of the 
other possible noise mechanisms generating noise at low frequency were determined, 
excluded and/or considered to be of little relevance. 
To find out about the possible sources, an experimental model of the gas turbine is used 
and several components varied (or removed) to analyse each different flow aspect. 
Details regarding the preliminary work that lead to the design and characteristics of the 
experimental facility are presented in Section 4.1. 
A set of initial measurements performed to qualify the room is presented in Section 4.2. 
Acoustic measurements are undertaken in order to search for the possible source 
mechanisms of noise generation at low frequency as wel1 as to quantify the swirl noise, 
the noise contribution of the volute, noise contribution of the diffuser and jet noise. A 
semi-reverberant room is used to determine the sound power spectra from the jet. 
Section 4.3 shows the different test conditions and test procedures considered to 
identify the low frequency noise sources in the industrial gas turbine considered. The 
results are then analysed (Section 4.4) and compared with the theoretical model1ing 
(Section 4.5). 
4.1 Experimental Facility Design 
The high temperatures and gases present in industrial gas turbines present several 
difficulties and risks when measurements are to be undertaken. To resist high 
temperatures the equipment has to be much more robust and there is a need for grater 
safety precautions. Added to that, the costs associated in building and operating a full 
size engine are extremely high. These reasons suggest, that an experimental model of 
the engine should be build. 
L-_________________________________________________ _ _ __ _ 
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In designing the experimental model, several factor are considered: 
- Costs and physical resources to build the facility; 
- Adaptable configurations in order to explore the possible isolated conditions that 
could be generating noise 
- Ability to capture the major aerodynamic features associated with noise an industrial 
gas turbine exhaust system 
- Practical to manufacture and operate. 
A summary of the necessary decisions to accommodate these considerations from the 
acoustics perspective is presented below. More details related to the aerodynamic 
aspects associated with the build up of this rig are given by [5]. 
Space and costs restrict the scale model to be somewhere between 1!4th and l/lOth of 
the real engine. The two major factors that can increase significantly the cost of the rig 
are related to the high temperatures (combustion aspects) and moving parts of the 
engine such as turbine. 
In order to be able to run the experimental model at ambient temperature, one has to 
consider the relevance of combustion noise in the low frequency range. As the 
literature suggests, combustion noise happens at much higher frequencies [12], and 
therefore excluding it does not affect the low frequency range. It is also clear that the 
industrial gas turbine has the same combustion chamber as the equivalent aero-engine, 
which does not present high low frequency noises. This re-emphasized that combustion 
is not one of the major sources of low frequency noise and that it could be excluded 
from the experimental facility. From the aerodynamics point of view, the 
characteristics of the flow after passing the combustion chamber are not considered to 
be very relevant to subsequent flow characteristics due to the fact that the turbine 
effects are strong enough to mask other flow characteristics. In order to take into 
consideration the temperature differences between the real engine and the experimental 
model, the noise spectrum is expected to present to have a shift in frequency as 
presented in Chapter 1. 
With combustion excluded from the experimental model, the question of what could 
drive the experimental model arises. This could be done using electrical moving system 
to rotate the turbine blades. However due to the complexibility of components and cost 
• 
• 
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associated with these types of rigs, it is decided to build an experimental model without 
moving parts. For that, a fan is used to drive the rig and fixed blades (IOVs and OOVs) 
are used to simulate the aerodynamic effects. 
Considering the high sound power level generated by the fan (93dB(A) measured at Im 
distance from the open fan inlet), a plenum is added to the experimental facility (Figure 
3). As shown in Figure 3, atmospheric air passes through an inlet duct into an 
acoustically lined centrifugal fan room. The fan is located within an enclosure, lined 
with noise absorbing material of O.Sm thicknesses. 
The air is drawn into the fan and pumped along an interconnecting duct (made of 
flexible rubber to prevent vibration transmission from the fan to the duct) to a plenum, 
which is also acoustically lined and contains a series of acoustic baffles to attenuate the 
fan noise. From the aerodynamic point of view the plenum provides a uniform entry 
flow into the test section inlet. For that, the air has a velocity of approximately 0.3 mls 
(M-O.OOI), which settles most flow instabilities generated by the flow. 
Once the air leaves the plenum it enters the working section (rig itself - Figure 4) via 
an inlet flare. The inlet flare is placed at the entrance of the rig to attenuate flow 
instabilities in the flow entering the rig. 
The flow then passes through inlet guide vanes (IOVs) that rotate the flow in such a 
way to represent the flow characteristics generated by certain power conditions of a 
real engine. This is done by varying amounts of swirl in the annular passage 
downstream of the power turbine at different power settings. The swirl angle variations 
simulating different power settings are achieved by using different sets ofIOVs (100%, 
70% and 30% power respectively). For the 100% power condition, the levels of swirl 
are small whilst for the 30% power condition these levels are very accentuated. 
Further downstream, the flow passes through the Outlet Ouided Vanes (OOS) that 
straighten the flow back (to essentially the axial direction) in the same way they are 
used in a real engine, prior to entering the diffuser, as shown in Figure 4. "For the 
generic exhaust system geometry 16 OOVs upstream of the diffuser inlet were chosen 
as a typical design feature" (refl). The OOV s are designed for the standard operation 
condition of 100% power, which originates small levels of swirl in other conditions. 
• 
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The "duct" is structure designed to hold the IGV s and OOV s. Its length is chosen with 
the objective of having the volute at 1.5m away from every laboratory walls to avoid 
acoustics interference. 
The experimental facility design should incorporate a generic model of an industrial 
gas turbine exhaust system containing the main components associated with the 
exhaust system such as a diffuser, volute and rectangular exit duct. 
Diffusers are normally used in industrial gas turbines to increase the pressure in the 
system. The aerodynamics details associated with the design of the diffuser and its 
scarf angle are presented in [5]. From the acoustics perspective, as the diffuser is 
considered to be one of the possible low frequency noise sources, therefore it is made 
with adjustable configurations in order to explore different potential relevant noise 
sources. 
Struts are included inside the diffuser to hold the centre shaft in place. Although this 
involves detailed aerodynamic investigation, its effect is not considered to be of 
relevance in the acoustics noise generation at low frequency as the struts as very thin, 
which under relative high speed generated much higher frequencies than the ones being 
considered as the issue in the engine. 
Flow exiting the diffuser is dumped into an acoustic volute box that turns the flow 90° 
before expelling it into the atmosphere. A rubber seal is placed around the contact area 
between the diffuser and the volute to prevent vibration transmission to the volute, so 
that its effects could be measured in isolation. 
Once the major experimental facility arrangements have been thought, details regarding 
its configuration are considered. The scale factor between the model and typical engine 
sizes is then chosen based on aerodynamic and acoustic measurement requirements of 
running at the same Mach and Reynolds number as the real engine. Due to cost/space 
restrictions related to the choice of fans it is decided to run the rig at similar a Reynolds 
number to the real engine to guarantee turbulent conditions in the flow. However this 
means that the rig runs at lower Mach number then the real engine, which could 
potentially introduce differences in the noise sources. Jayatunga [5] shows how the 
scale value of the rig came out to be 1I7'h scale based mainly on the options of fans 
operating conditions. 
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In order to simulate the changes produced in the swirl angle distribution, the IGV 
geometry can be altered. The three sets used for the IGVs correspond to 30%, 70% and 
100% engine operating powers and vary from high levels of swirl to low levels of swirl 
respectively. The Reynolds number, based on diffuser inlet annulus height, is 
approximately 1.3x105• It is possible to operate the facility with or without several of 
its components in order to acoustically evaluate the components in combination or in 
isolation. 
Details regarding the aerodynamic commissioning of the rig and its operating point are 
presented in [5]. The non-dimensional mass flow rate is used to guarantee the same 
flow conditions during the measurements. This operating condition is chosen to be a 
non-dimensional parameter involving pressure and temperature and is directly 
proportional to the Mach number. For the all the acoustics measurements presented in 
this chapter, the inlet Mach number is kept constant at 0.08. 
4.2 Room qualification 
Reverberation Time 
The purpose of this measurement is to check the acoustic behaviour of the laboratory 
that is used for noise measurements. The acoustical properties of the lab are 
investigated by measuring its reverberation time and calculating the Schroeder 
frequency. Reverberation time is calculated using the decay rates in each third octave 
band. 
Figure 52 shows one of the reverberation time curves. The results show that the variation 
obtained in the reverberation time measurements is small such that a quasi-diffuse 
sound field can be expected. Using the average reverberation time obtained from the 
measurements, the Schroeder frequency is calculated (f, = 140Hz). The Schroeder 
frequency is obtained from [156]. In the equation below, T is the reverberation time (in 
s) and V is the room volume (in m3 ). 
• 
! 
I 
• I 
69 
f,=2000~ 
Part of the frequency range of interest is below this limit, so that in order not to 
compromise the measurements, a greater number of measurement points and time 
averages must be used to guarantee more reliable results 
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Figure 52: Example of the reverberation time plot obtained 
Background Sound 
Background noise measurements (Figure 53) are taken in the lab in order to make sure 
that no other components in and around the room would influence the measurements 
using the rig. The results show that the background sound power levels are around 10 
dB below any measurements taken (apart from a sharp peak at 400 Hz) with the model 
running, which is an encouraging result that background levels do not interfere in the 
source identification. 
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Structure-borne sound 
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The properties of the rig are investigated to check for the influence of any structural 
radiation. The measurements are taken on both the supports of the rig and on one of the 
plenum walls. The sound power [157] is calculated using the equation below for the 
supports: 
W =apcSv2 
where a is the radiation efficiency (conservatively set equal to 1), P is the air density, 
c is the speed of sound in the air, S is the radiating area of the object and v is the 
spatially averaged velocity of vibration obtained from the measurement. The radiated 
sound power level is calculated from: 
The results (Figure 54) show that the structural sound intensity is very small even 
having calculated the sound power level conservatively. 
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A silencer system is designed and built according to Figure 3 to isolate the fan noise 
from the noise generated in the rig as presented in Section 4.1. To check whether the 
fan noise is isolated, sound pressure level measurements of the fan are taken and 
compared with measurements taken in the lab with the fan running but without the rig 
working. This is possible by closing the rig aperture and opening the plenum door. The 
results show that when the fan is running the background Lw is higher at high 
frequencies (Figure 55), but it is still low enough not to interact with the source. 
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4.3 Noise source identification 
To identifY the noise sources present in the flow, each part of the exhaust system is 
isolated and the sound power for each configuration measured. In this way, the 
contribution of each component and its interaction with others is analysed 
4.3.1 Data acquisition 
The sound pressure measurements are taken with a 112" (Bruel & Kjaer 4133) 
microphone connected via pre-amplifier to an FFT -analyser (Hewlett Packard). The 
readings of sound pressure levels were averaged over a time of 200 seconds. A wind 
protection is placed around the microphone to prevent wind-generated noise from 
interfering. The calibration of the microphone is done using a 250 Hz piston phone. 
4.3.2 Case studies 
The experimental programme to obtain the low frequency noise characteristics of the 
industrial gas turbine is described in this section. To evaluate the sound power levels 
for different configurations, measurements are conducted in the semi-reverberant room. 
Each case is tested at three different inlet flares Mach numbers (0.07, 0.08 and 0.09 
whenever possible) and for three different IGV configurations. Given that the 
experimental rig does not have any rotating component, the IGV s are then vanes that 
turn the flow in such a way that it represents the same characteristics that occur in the 
real gas turbine when it is rotating. The IGV configurations tested were representative 
of 100%, 70% and 30 % power conditions of the gas turbine. In this section only the 
experiments for M = 0.08 and 100% power conditions are presented. The cases 
considered in this thesis are explained below. 
Case 1: IGVs + OGVs + Centre shaft + Scarf diffuser 
This case (Figure 56) considers the whole model characteristics excluding the volute so 
that the contribution of the rest of the rig can be evaluated. Different IGV s are used to 
consider the effect of swirl. 
-------------------------- - - - - - -
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Figure 56 Lateral view Case 1 
Case 2: IGVs + OGVs + Centre shaft + Scarf Diffuser + Wall 
woll 1 woll 2 
Figure 57 Lateral view Case 2 
In order to gradually introduce the effects of the volute, a wall is placed in front of the 
flow (Figure 57). The wall's position is varied relative to the diffuser exit: positions 1 
and 2 are 10 cm and 40 cm away from the diffuser respectively. 
Case 3: IGVs + OGVs + Centre shaft + Scarf diffuser + Volute 
This case considers the complete test rig as designed to simulate the industrial gas 
turbine. This is an important case to compare with the real engine and to account for 
the volute contribution to noise. This contribution could be the flow impinging on the 
• 
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back part of the volute, or the re-circulation in its bottom part could generate some of 
the noise sources . 
,.~ 
ock plot • 
Figure 58 Lateral view Case 3 
Case 4: IGVs + OGVs + Centre shaft + Plane diffuser 
This is the same as Case I, but with a plane diffuser at the exit instead of a scarf 
diffuser. The introduction of a plane diffuser came to clarify whether or not the 
diffuser's cant angle (cut that the diffuser has) is influencing the noise characteristics 
(Iow frequency slope) by altering the swirl effect on the tangential velocity or by 
releasing vortices out of phase for the jet formation. 
PIoln ~1rI", ... 
Figure 59 Lateral view Case 4 
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Case 5: IGVs +no OGVs + Centre shaft + Plain diffuser 
In this case the OGV s are removed and the plain diffuser is used. The objectives of this 
measurement are to verify whether there is interaction between the two sets of vanes 
and check the swirl effect. 
Figure 60 Lateral view Case 5 
Case 6: Centre shaft + Plain diffuser 
No set of blades is considered in this case and therefore the influence of the centre shaft 
can be verified. The centre shaft is held in position by three 6 mm rods placed at the 
IGV and at the OGV positions. 
Figure 61 Lateral view Case 6 
L-__________________________________________________ __ 
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Case 7: Centre shaft + Scarf diffuser 
Case 7 is the same as Case 6, but with the scarf diffuser at the exit instead of the plane 
diffuser. Having the two sets of vanes removed (therefore no swirl) is a way of 
analysing the influence of the scarf angle of the diffuser without having to consider any 
swirl or flow separation caused by the vanes . 
3 mm (Od. 
Figure 62 Lateral view Case 7 
Case 8: Plain diffuser 
In this case the centre shaft and both sets of blades are removed, leaving only the 
external duct and the plain diffuser. 
Figure 63 Lateral view Case 8 
L-_____________________________________________________________ _ 
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Case 9: Duct only 
Figure 64 Lateral view Case 9 
In this case (Figure 64), only the external duct of the scaled model is used (without 
IGVs, OGVs, centre shaft or diffuser). The objective of this measurement is to account 
for the duct characteristics and for the contribution of a simple jet formation leaving the 
system. 
4.3.3 Sound power measurement 
Sound power measurements are taken to determine the overall characteristics of the 
spectra of the system for each configuration. 
The sound power for each testing configuration is obtained from sound pressure 
measurements in fixed positions of the lab and calculated from ([158], [159]): 
T V (SJ..) ( B ) L ~SPL-lOlogIO-+IOlogIO-+lOlogIO 1+- -1010gIO -- -14 
w T" V, 8V 1000 
where SP L is the mean pressure level, T is the reverberation time, V is the volume of 
the room, S is the total surface area, J.. is the wave length at the centre frequency of 
the frequency band and B is the barometric pressure. The uncertainty inherent in these 
techniques according to ISO 3745 for measurements in a semi-reverberant room is 1.5 
dB. The Lw is measured in 15 positions around the room. 
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4.4 Results and analysis 
Figure 65 shows the sound power level against frequency, for the 100% and 70% IOVs 
power conditions. The spectrum shows a decay of 13 dB/decade for up to 
approximately 600Hz followed by a sudden increase in magnitude and another decay. 
The sharp increase in level at 600Hz corresponds to the cut-off frequency that is the 
frequency at which the higher order modes start to propagate. 
Above the cut-off frequency the spectrum falls off with increasing frequency. At 
.. 600Hz the (1,0) mode dominates the (0,0) mode and the same happens at .. 1000Hz 
for the (2,0) mode. The characteristics of the spectrum above the cut-off frequency are 
similar for all cases including the centre shaft at all the power conditions. For this 
reason and because the main interest is not in the higher frequency content, the region 
above the cut-off will not be commented on henceforth. 
The peaks below the first cut-off frequency ( .. 600Hz) indicate plane wave resonances. 
Some are related to the system resonances and others to unstable frequencies of the 
flow. 
The first phenomenon that could be contributing to the original noise levels and general 
noise characteristics is swirl. Comparing the results for 100% power and 70 % power 
one can see that the increase in level of swirl (from 100% power to 70% power) 
increases the sound power level. As this happens in all the cases and speeds considered, 
it is concluded that at high swirl incidence (more then 140 at the tip) the higher the 
level of swirl the higher the noise it generates. The physical mechanism behind it is not 
completely understood, but some indication is presented in the discussion. 
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Figure 6S Lw - 100% power IGVs + OGVs + CS + ScarIDilTuser 
The results of the sound power level against frequency are presented in Figure 66 for a 
wall perpendicular to the flow, for the 100% power condition. The figure shows that 
the sound power level for this case when compared to Case 1, follows the same basic 
characteristics (no change in magnitude is observed in the decaying slope), but presents 
a pronounced peak around 45 Hz. The peak around 45 Hz peak coincides with one of 
the duct resonance frequencies, but the possibility of the wall dimensions generating 
flow separation at its end cannot be excluded. Figure 67 shows the variation of the 
sound power level against frequency when the position of the wall is varied. Moving 
the wall forward does not change the spectrum characteristics apart from increasing the 
peak at 45Hz. The fact that altering the wall position doesn't affect the overall level 
shows that the interaction fluid/wall is not so relevant and is not one of the main noise 
sources. The effect of moving the wall closer to the diffuser only makes the resonance 
peaks higher than the peaks created by wall in position 2. This can be explained as the 
presence of the surface creates another dipole source that excites the system even more 
(if the source was the same it would also affect the broad band content of the spectra). 
constricts the sources generated at the wall, which makes the forces higher as the wall 
is moved closer. 
Certain measurements present a very evident peak at 100Hz. This is not due to flow 
noise but due to electrical noise de to mains interference. 
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Measurements including the volute are taken and the power spectrum against frequency 
(Figure 69) shows the same increase in level for certain low frequencies when 
compared with the case where the wall is placed in front of the flow. The frequencies 
are shifted down as the length of the system has increased (duct + volute length). This 
shows that the flow impinging on the volute is exciting the resonant frequencies of the 
system "duct+volute". The shift in frequency presented in Figure 69 is then due to the 
different systems considered. 
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Comparing the sound power measurements against frequency for the case with and 
without volute (Figure 70), shows that the flow characteristics with the presence of the 
volute - apart from exciting some of the system resonances - tends not to change the 
overall sound power level at low frequencies. Thjs is an encouraging result as the re-
circulation on the bottom of the volute (Figure 68) was originally thought to be a 
significant source of noi se at low frequency given its size and the poss ibility of thi s 
recirculation being a monopole (due to its continuous volumetric expansion and 
contraction), which is an efficient radiator at low frequencies. This measurement, 
therefore excludes aerodynamic noise sources in the volute from being one of the major 
sources of noise at low frequency. The fact that the system resonances are amplified by 
the introduction of the volute/walls indicates that the source is speed sensitive, but 
more investigation is still necessary. 
L 
Recirculation 
re~iol1 
Figure 68 Axial velocity contours at diffuser exit )51 
Although not many data from the real engine were available, it is known that the 
typical sound power level acquired from it has a very similar decaying slope (14 
dB/decade, Figure 1.2) to the experimental model, regardless of not being operated at 
the same temperatures and at the same Mach numbers. This is an encouraging result as 
it means that most sources of interest are being represented in the experimental model. 
It also gives confidence that the low frequency sources are present in the experimental 
model without the volute, as the slope is the same with even stronger amplitudes. 
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Given that the sound power measurements including the aerodynamic noise sources 
present in the volute show that the aerodynamic effects happening in the volute (such 
as the recirculation the bottom and the flow impinging against the back wall) are not 
one of the major sources of noise, further experiments were taken without it in order to 
try to identify tbe other possible source mechanisms, such as: swirl , jet fluctuations, 
blade flow interactions, aerodynamic noise sources happening due to the presence of 
the di ffuser and the diffuser scarf angle. 
Comparing the sound power level measurement versus frequency fo r the cases with 
plane diffuser and with tbe scarf di [fuser, it can be seen that the effect of the sources 
related to the cant angle (Figure 71 ) is to make tbe system resonate more (higher levels 
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at the peaks). However, adding a plane diffuser does not affect the overall decaying 
characteristics. Therefore, the alteration of the swirl effect on the tangential velocity 
(and therefore the cant angle) is not the main contributor to the characteristic decaying 
slope present in the sound power level at low frequencies. Checking ifthe aerodynamic 
noise sources in the cant angle are responsible for the poss ible pressure variation at the 
exit of the diffuser (thought to be the release of vortex out of phase for the jet), the cant 
angle increases the level at the resonances but the level of the decay slope is kept the 
same. This shows that the aerodynamic effects generated by the presence of the cant 
angle are not the main cause of pressure variation at the exit of the diffuser, although 
the source is still there with the cant angle present. 
..... , . ', . , ..... . 
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Frequency (Hz) 
Figure 71 Lw - IGVs + OGVs + CS 
Figure 72 shows the comparison of sound power level against frequency between the 
case with and without OGV s. It shows that the level without the OGVs is higher than 
with OGVs at low frequencies . This suggests that the flow interaction between the two 
sets of vanes helps to stabilize the diffuser and is not a significant source of noise. 
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Frequency (Hz) 
Figure 72 Lw - IGVs + CS + Plain Diffuser 
When both sets of vanes are removed, the plot of sow1d power level against frequency 
(Figure 73) shows that the levels without the blades are higher than with blades. This 
reinfo rces the fact that the presence of the blades helps to stabilise the flow. A bove the 
cut-off frequency, the presence of tbe blades makes the higher order modes stronger. 
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Figure 73 Lw - CS + Plain Diffuser 
Comparing Case 7 with Case 6 (Figure 74), shows that changes in the fl ow due to the 
presence of the scarf angle only makes the system resonate even more, showing 
therefore that there is a source at the end of the diffuser (regardless of the diffuser 
angle) present in both cases. 
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When the centre shaft is removed from the system, the sound power level against 
frequency presents a significant rcduction in amplitude (F igure 75) due mainly to the 
reducti on in the flow speed . The slo pe of the curve remains the same a t low 
frequenc ies, highlighting that the basic source mechanism is still there regardless orthe 
presence of the centre-shaft and blades. At higher frequencies it is c lear that the flow 
characteristics change due to presence of the centre shaft makes the higher order modes 
appear. 
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It is important to emphasize that in this experiment the diffuser is not operating on the 
stable side or the design condition a it s Length/Diameter dimension has been altered 
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when the centre shaft is removed. Because of that, phenomena like separation and 
instabilities could be occurring inside the diffuser which could perhaps explain why the 
decay in the sO lUld power level not being as higb as expected for the difference in area 
ratio in between the duct and the diff user. 
When the diffuser is removed from the duct, the sound power level shows (Figure 76) 
an increase in level compared with the free duct setup, which is expected since the flow 
velocity increases. The slope in the Lw remains the same (decay of 13 dB/decade up to 
200Hz). Although the general noise signature is the same for both cases the flow 
characteristics is due to the presence of the diffuser makes the duct resonate more. The 
difference between the Lw of these two cases is shown in Figure 76. 
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Figure 76 Lw - Duct only 
4.5 General comments 
With these experiments it is possible to know that the phenomena responsible for the 
decaying slope present at low frequency is present even in the simplest case (Duct only 
- simple jet). The fact that an externally placed source located near the exit of a duct 
(as there is no other significant sources inside the duct) makes the system resonate 
indicates that this source is a pressure source. This is due to the fact that at the exit of a 
pipe, the acousti c pressure in each mode is zero. To excite a zero pressure point one 
needs a pressure source. This is analogous to a beam or a plate with ve locity nodal 
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lines. A force (pressure source) carmot dri ve the structure at a velocity nodal line but a 
ve locity source can. A ve locity SOlU"ce cannot dri ve the structure at an anti-node (force 
nodal line) whereas a fo rce source can. 
Therefore, these experiments show that the SOlU"ces responsible for the decaying slope 
and fo r the resonance peaks are present in the free jet. Also, the source exciting the duct 
is a pressure source. Monopole sources were therefore not considered to be relevant as 
these ve locity so urces would not make the system resonate. Putt ing as ide the 
monopoles that initiall y were expected to be the most likely rad iators at low 
frequencies as show in Figure 1.6, the second most likely type of source is the dipole. 
The theory of having the dipole as the source agrees with the fi ndings of the sources 
be ing a pressure source. The fact that the main source is a pressure source does not 
exclude the possibility of ex istence of other higher order pressure sources. The only 
reason to keep the dipoles as the most probable source is due to the fact that dipoles are 
more efficient rad iators at low frequencies. 
It is still not known whether the source respons ible fo r the decay ing slope is the same 
one responsible fo r the resonance peaks. To investigate those questions, ve locity 
va ri ation measurements are undertaken. The results are shown in Figure 77, which 
presents the Lw against frequency fo r the free jet at some different Mach numbers. The 
result shows that the Lw increases with the increase in speed and it is possible to check 
that the increase in the Lw, fo llows V 6 • Tbis verifies as an independent experiment that 
the pressure source is of dipole nature (as dipoles fo llow the V 6 power law). The fact 
that the decaying slope as a whole fo llowed the same increase in magnitude when the 
speed increases, shows that the SOlU"ces under investigation remained the same and are 
dipoles. 
Although thi s result is expected from the fact that the frequencies being analysed are 
low, they contradict most of what has been presented in jet noise theory, which says 
that jet noise is represented by quadrupoles and fo llows the V 8 relation. Another 
mismatching characteristic between what is observed in these experiments and what 
was seen in the jet theory, is that many papers present that the low frequency noise is 
ori ginated by aerodynamic sources at the end of the jet core, more then 5 diameters 
away from the jet exit. Tbis does not happen in the experiments in thi s work, which is 
clea r from the cases where the aerodynamic flow characteri stics due to the volute and 
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wall were present. Both the volute and wall when placed no further than one diameter 
away from the jet exit, present a Lw spectra, which is not much different from those 
fl ows without any interference, which show that the sources must be closer then one 
diameter away . 
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Figure 77 Lw - Duct only 
Doing a more careful search it is clear that most of the VS results presented in the 
literature were for Mach numbers above 0.3 and that many experiments that 
approached low speed jets ended up finding V 6 results, as presented in Chapter l. Most 
of them concluded that there was possibly some error in the lower speeds experiment 
and that further analys is was not being taken as the lower speeds were not of great 
interest. 
Some clarification came with paper by Laufer [1 31], where he shows that for a jet with 
a Mach number between 0.005 and 0.2, the jet fl ow presents different characteristics 
that are not necessarily present in higber Mach number jet fl ows. He shows that these 
characteristics are the dominant sources at low frequency and that most of its radiation 
happens along the first diameter, which is also observed in this research. He describes 
the somces as "generated by convective instabili ty waves developed in the shear layer". 
He did not suggest however that they were dipoles. 
Trying to understand physically, which flow phenomena could create the dipole(s), the 
most probable phenomenon is the low frequency magni tude associated with periodic 
vortex formation in the jet. The slope is poss ibly due to the potential core 
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characteri stics of the j et leaving the duct and its instabilities. The ir rapid vari ation in 
amplitude produces a periodic thickening and thinn ing of the shear layer genera ting a 
pressure fie ld that develops into acousti c waves (as presented by Laufer (ren )). 
To summari se, til is sec tion presents the analys is o f the experimental in vesti ga ti on 
showing mainly tbat regardless of the experimental setup the noise spectra a lways 
shows a decaying slope at low frequencies. Taking the investigations a step forward it 
is observed that the main sources responsible fo r this s lope are dipole-type sources 
probably created by vortex formation in the jet. These vortex fo rmat ions take place all 
around the duct (forming a ring) and can happen in more tben one downstream location 
(forming a cy linder). The ring and cylinder configurations for tbe d ipo le sources are 
presented in the theoretical modelling (Chapter 3) and the comparison between the 
experimenta l results and the theoretical results are given in Section 4.6. 
4.6 Comparison with the model 
This section presents the compari son between experimental and theoretica l results in 
order to validate the model. 
The experimental result used fo r compari son is Case 9, where onl y the duct is left and 
the flow structure presented is a jet. This experimenta l result shows that the majo r 
feature of the spectrum presented in the low frequency range, is a constant decaying 
slope that happens in all configurations analyzed. 
As the pure jet case is the simplest case that presents the decaying slope and the one 
with most similarities with tbe models proposed, it is used here for comparison with the 
models results. The DDR model is set up for thi s comparison with 8 dipoles around the 
rin g fac ing the axial direction and using a generic Kolmogorov spectrum as the source 
input fo r each dipole. 
Figure 78 presents the Lw results against Helmholtz number fo r the jet measurements 
and the DDR model. The plot shows that the results obtained from the DDR model are 
much lower than the ones measured in the experiments and al so don' t seem to present 
the same decay. These di fferences could be due to the use of a generic profil e, but if 
they were the real profi le they could inva lidate the DDR model. However, there could 
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still be a possibility of these results being different when a proper source input data is 
used for each particular location. This is discussed on Chapter 5 when LES sources are 
introduced into the model. 
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f igure 78 Lw - Comparison between jet experimental results a nd DOR model 
The DDR model also shows that if there is a single dominant dipole in the x direction, 
it could be generating the same decaying characteristics as in the experiments. 
Although the possibility of having one single dipole in the x direction is very unlikely 
(as thi s giant dsipole wou ld have to be present in all the experiments undertaken), the 
poss ibility of it happening could not be disproved . 
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omparing tbe eR results willl the same experimental result (Figure 79) shows that 
when llle aerodynamic source profile in kl is included, the L •. decay is much more 
accentuated than the experimental results. The results for eR with forces with a 
predetermined profile in frequency are a lso presented for reference on how much the 
source frequency content can change the results. This could be due to the fact that 
generic profi les used do not necessary represent all the flow characteristics at first 
s tages of the jet. A more ap propri ate pro fil e will be introduced with the LES 
calculations. 
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Chapter 5 Example: source input using Large Eddy Simulations 
In Chapter 3, tbe results from the theoretical investigation are presented using a generic 
source. When these results are compared with the experimental investigation it is 
shown that most theoretical results present a similar slope in the noise spectra. 
However, it is clear that there is a huge difference in the levels found. 
Therefore, the objective of this chapter is to shows the use of Computational Fluid 
Dynamics (CrO) in the investigation of the acoustic power. More specifically this 
chapters will show the use of LES teclmique as an example of source input data for the 
CR and OOR models. 
To achieve that an LES example of a jet o.ow leaving a duct will be used. This example 
will have as many as characteristics as possible from the experimental facility , so that 
once the LES data is input into the CR and OOR model the sound power level output 
form this models can be compared with the experimental data. 
An overview of the LES method and setup used fo r the calculations is presented in 
Section 5.1. Some of the parameters used in the LES calculations and LES results are 
presented Section 5.2. The LES results are then analyzed and placed into tlle acoustic 
model (section 5.3) and the results are discussed. 
5.1 Large Eddy Simulations 
Large Eddy Simulation is a method for computation of three-dimensional turbulent 
time-dependent turbulent flow at moderate to high Reynolds number. Turbulent motion 
is a random, wlsteady process. Its behaviour is of difficult prediction tlu'ough computer 
simulations. 
Current methods are normally based on Reynolds Averaged Navier Stokes (RANS) [5] 
analyses that rely on models to represent the effect of turbulence within a flow field. 
The quality of the results depends on the quality of the model and its applicabi li ty to 
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the type of flow field being studied. RANS is also more focused on average flow 
distributions and therefore not highlighting the transients aspects observed in the flow . 
LES as being time-dependent is capable of dealing with the transient aspects and can be 
more accurate because it reduces the amount of modelling necessary by directly 
computing part of the flow characteristics. 
Turbulent flow is composed of coherent patches of swirling fluid called eddies. These 
range in size from large to little swirls of air. In LES, the large-scale dominant 
turbulent motion is computed directly and uncoupled from the smaller and less 
important turbulent eddies, which are modelled. 
A filter is used to determine which eddies are to be modelled and which are to be 
resolved. The goveming flow equations employed for LES are obtained by flltering the 
time-dependent Navier-Stokes equations in space. The filtering process eliminates 
eddies whose scales are smaller than the filter and the resulting equations are governed 
by the dynamics oflarge eddies. The sub-grid-scale stresses resulting from the filtering 
operation require modelling. 
The computer program LU-LES developed at Loughborough University for Large-
Eddy Simulation is used for predictions in the current investigation [149]. 
A brief description of the governillg equations of fluid flow and modelling approach 
used in thi s programme is given below. Some insight is also given on the procedure 
involved in the mesh generation, discretisatiol1 and convergence monitoring used in the 
code. The bowldary conditions applicable to the exanlple given in thi s work are also 
presented. 
LES simulations are used in thi s work only as an example of a way of inputting the 
source pressure fluctuations into the theoretical models. This work does not intend to 
focus in LES details and techniques. 
• 
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5.1.1 Governing equations and Modelling Approach 
The fluid flow can be represented by mathematical statements that govern the equations 
for the conservation laws of mass, momentum and energy [160] , which here is done 
using by using time-dependent, three-dimensional incompressible Navier-Stokes 
equations. 
In this code, the large eddies are resolved directly so lving thi s equations, whilst small 
edd ies are modelled using a turbulence model. 
A turbulence model is a computational procedure that models the characteristics of 
turbulence. However the complexity of turbulence makes it unlikely tbat any single 
model will be able to represent all turbulent flows. For this particular application, it is 
lIIU1ecessa ry to reso lve the details of the turbulent fluctuation s and therefore the 
Smagorinsky Eddy Viscosity turbulence model [161]. 
5.1.2 Mesh Generation 
[n order to solve the governing equations numerically it is necessary to divide area 
under investigation into discrete points. Grid is the definition for the arrangement of 
these discrete points throughout the flow field. The task of grid generation is a 
significant operation in CFD as it is linked to the methods used in the CFD solver. This 
grid can also be divided into blocks to speed up the computational effort required to 
achieve a so lution. 
The main components in these calculations, consist of flow leaving a duct, which then 
is transformed in to a jet. Predictions carried out on this geometry will give an 
indication of the impact of the pressure fluctuations that happen in the jet under the 
specified conditions for this case. For this particular case, the grid topology and the 
generated grids for this configuration is di scussed below. 
The calculations are set up using the dimensions and blocks as shoWJ] in Figure 80. This 
representation has the intension to represent as much as possible the conditions existent 
in the experimental measurements. Blocks One and Five consists of the lateral areas 
around the duct. These areas exist in the experimental facility and are also included in 
• 
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the calculation as the jet tends to "use" the air under these areas in part of its 
development . This configuration also avo ids the possibility of includ ing boundary 
conditions near the duct ex it, which could affect the flow. Blocks Two and Four consist 
of the lateral area around the jet. These areas are included as part of tbe jet fl ow will 
grow into those directions. Block 3 represents the area where the jet core will be 
loca ted and will be fl owing forward. T he number of elements in each block is given 
below in the axial, rad ial and angular di rection respecti vely. 
Block One: (32 x 16x 32) 
Block Two: (64 x 16 x 32) 
Block Three: (64 x 8 x 32) 
Block Four: (64 x 32 x 32) 
Block Five: (18 x 32 x 32) 
; Block 5 
~ / 
·' Duct . . . 
~ Block I 
~ 
Block 4 
" 
... Block 3 
Block 2 
Figure 80 Schematic 2D of co nfiguration of LES ca lculat ions 
The detailed view of the grid is given on Figure 81 . The grid is more refi ned near the 
centreline and near the rigid wall boundary conditions to avoid nwnerical errors and 
issues related to eddy sizes respectively. 
This is grid a coarse grid, that might not represent every detail in the flow, but which is 
hopefully fine enough to pick up the large-scale pressure fluctuations occlU'ring in the 
fl ow. 
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Figure 81 View of LES grid 
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Discretisation of the equations and Convergence 
The program uses the finite vo lume method [162J to discretize the Navier-Stokes 
equations [149] , which requires appropriate differencing of the convective and 
diffusive fluxes at each face of the control volume. 
Timc discretization uses the exp lici t scheme of Adams-Bashforth [163J and spatia l 
discretization of the filt ered Navier-Stokes equations is done using centTa l differenci ng 
schemc [163]. 
In terms of convergence, the flow field is allowed (0 develop in time lUltil it reaches a 
steady level of energy, where statistical quantities such as mean velocities and Reynods 
stresses are accumulated. 
For the turbu lent model convergence an iterative process is required until the maximum 
normalised residual (over allthc nodes) for the velocity and turbulence vari ables to be 
les than I .Ox 1 0.6 
Boundary Conditions 
Thc four types of boundary conditions used to determine all the necessary conditions to 
solve the algebraic equations are presented below. Accurate prediction of any flow 
depends on the qual ity of the boundary conditions specified by the user. 
Inflow: In the jet flow predictions it is important to speci fy acc urate boundary 
conditions at the inlet of the computational domain (i .e. end of the duct), where the 
boundary condi ti ons must be as c lose as possible to tile flow conditions that actually 
exist in the experiments that are being simulated. At the inflow plane, tbe values of the 
three velocity components are prescribed. In this example, th is is achieved by 
pecifying a mean flow and some perturbation at the beginning of the duct. The 
calculations for the duct are then kept running until the flow reaches the desired 
turbulent state at the end of the duct. The data acquires at the end of the duel is then 
used as the input fo r the jet calculations. 
• I 
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Outflow: It is important to note that the location of the outflow plane must be selected 
far away from geometrical di sturbances, which sometimes cause recirculation in the 
vicinity of the boundary, such that part of the boundary has incoming flow. In th is 
ca lcul ation, convect ive boundary conditions are used as the outflow boundary 
conditions with convection velocity based on the mean value . 
Wall: Rigid wall conditions are applied for the duct inlet plane and duct walls. This 
boundary condition requires that all velocity components at the wall are zero both in 
the direction normal and parallel to the wall surface. This condition requires greater 
number of grid to be considered as the mean wall eddies decay forming smaller sub 
layers. 
Centre-line: In the centre-line of the grid, a symmetry boundary is used here to reduce 
the size of the computational domain. This implies that the velocity vector components 
normal to the central symmetry plane must be set to zero and the gradient in the 
direction normal to it of the other components is also zero. 
Constant velocity: A fixed velocity value of v, ~ 0.075m/s is used in the external 
lateral surface of the grid. This va lue is determined from experimental entraillment 
rates for a free pipe. 
In this section an overview of the LES teclmique together with specific aspects of flow 
predictions applicable to the current illvestigation (in terms of grid generation and 
inflow boundary condition specification) are discussed. The LES results and 
introductions of these results into the models are given on Sections 5.2 and 5.3 . 
5.2 LES calculation Parameters and results 
To run the LES calculations for a free jet, several parameters have to be set up in the 
LU-LES computer program. The grid details are presented in Section 5.1 and the other 
relevant initial paranleters are given in Table 2: 
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Parameter: Value for jet 
ca lculations 
Duct inlet flow speed 30 
(m/s) 
/';t 0.00002 
Total Time (s) 0.125 
Number of time steps 1233 
saved 
Re 6)( 105 
Table 2 LES calc ulatIOn para meters 
The choice for duct inlet flow speed and Reynolds number are made to keep the same 
conditions as the experimental calculations. The time step (/';1) is chosen so that the 
required precision needed for the aerodynamic variables is reach. The choice of time 
step and the number of steps saved take into consideration the fact that the aerodynamic 
pressure fluctuation output spectra has to have enough points to guarantee good results 
in the frequency range of relevance for the acoustics analysis/comparisons (avoiding 
therefore aliasing). The total time used was a compromise between leaving the 
calculation running for a long enough period (so that the flow has achieved its 
convergence) and minimisation of computational time involved in the calculation. In 
general, data obtained from the calculations are saved once the energy levels go 
through a few cycles after reaching its top level to prove that they are stab le. Here, due 
to time constraints and computational availab il ity, the data has been collected as soon 
as the energy levels are in its first cycle at the top level of energy. 
Figure 84 shows the longitudinal snapshot of axial velocity. From that, one can see in 
red the formation of the jet core (with constant speed profile), the shear layer (where 
localised vort icity is be ing formed) and the mixing layer (where the jet expands 
lateral1y and the speed is reduced) . This shows that a clear jet formation is being 
generated from the calculations. Figure 85 gives an example of a snap shot for the 
pressure around the jet. This figure clearly shows large regions of pressure variation at 
the first stages of the jet, that if they were to be presented as a movie would show the 
pressure fluchIations from one time step to the other. As this happens all around the 
cylinder and in more then one downstream location, this figure also gives an indication 
that the overall concept chosen for the theoretical modell ing is in line with the findings . 
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radius (r = O. ISm) at three positions downstrea m r .. om the duct ex it. (t"ed: at the duct ex it , blue: 
5 mm downst rea m, green: 50 mm downstrea m) 
Figure 86 shows the sound pre sure levels at a position near the duct exit. This results 
are a courtesy from Manners [164 J, using a data sample from the LES calcula tions 
presented in this work. and Lighthi ll analogy [68J for the calculation of jet noise. This 
is presented here to show the roll off a t high frequencies follows the -5/3 power law 
which is reasonable decay for turbulence as presented in Section 3.6. I. At higher 
freq uencies above 2kHz there is a lot of a liasing noise, which is to be expected given 
the use of low order fmite differencing in the calculations (as the interest is in the lower 
frequencies) . This figure also shows that the sound pressure levels are very low. 
Although these levels could increase by up to 12- I 5 dB if higher levels of turbulence 
are used in the inlet this level is still lower than expected. The overall shape at low 
freq uencies shows low Mach number jet noise characteristics. The peak level is at a 
higher frequency then expected (should be 30Hz considering St = 0.2 as the average for 
this speed of jet flow). However, the time history is not long enough to give best 
accuracy at the low frequency end. Despite that, a decay of around 12dB per decade is 
also present. At frequencies be low the peak the levels drop, which is what would be 
observed ill the experiments if there wasn' t roo m interference at such low frequencies. 
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5.3 Calculation of discrete forces using LES input 
The interface between the LES results and the acoustic models (Chapter 2 & 3) is 
presented here. The LES results using the LU-LES code [149] outputs the pressure time 
hi story for each point in the 3D grid (radial. circumferential and longitudinal 
directions). A snapshot of the contours generated by these pressures is presented in 
Section 5.2. The interest in this section is to calculate fo rces based on the pressure 
di fference between two regions. This fo rce wou ld then form the basic dipole force. The 
explanation on how this force is then applied into the theoretical models is presented in 
ections 5.4 and 5.5. 
To faci litate the explanation, the pressure difference regions are presented here as a 
uni tary cell , with a pressure difference (f'lp) between two opposite faces of elementary 
area /'lS , as presented in Figure 87. 
F 
Figure 87 Schematic visualization of a dipo le force F, gene rated from LE pressure difference. 
- -------
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The elementary force is therefore given by : 
dS,woo", = (z(n, + I) - z(n,)) * Ibo/w", * (4)(n~+ I ) - 4>(n,,)) 
and n is the nth element in the specified coordinate direction. 
Although the procedure for force calculation presented here shows the development for 
a single ce ll , the same can be applied for multiple cells (representing concentrated 
pressure regions) in the fluid domain. This then account for the possibility of dipoles of 
bigger size to be considered. 
5.3.1 Input of discrete forces into the Continuous Ring Model 
The procedure chosen for introducing discrete sources into the Continuous Ring is 
presented here. This assumes that dipole forces (as calculated in the previous section) 
are facing the radial direction and occur between two concentric layers of the cylinder. 
To introduce these forces into the CR model , the acoustic pressure given by Equation 
16 is used, since the LES results are in cylindrical coordinates: 
However here to preserve the spatial phase in 4> and to consider the fact that 4> and z 
are inter-related, the acoustic pressure becomes: 
t 
t 
t 
~ 
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In thi s equation the term B.](y) represent the continuous force di stribution in the z 
direction for a given 1jJ . Considering that in the LES calculations the space is di screte 
and therefore is not represented by a continuous defmed fWlction, the force distri bution 
here wi \I be considered as: 
The discretized pressure is given by: 
N,. - IN,-l _- 2iJtn:r _ -2;1111" 
p(w,ljJ,z)= L: L: F(w,k.,r)e N, e N, for n" = 0, J,2 .. . ,N" - J 
k, .. O y .. Q 
11 , = O, I,2 ... ,N, - J 
The force data origina ted from the LES calculations is in a non-transformed form 
(F(I,IjJ, z). In order to transform this force to fit the required format for the acoustic 
pressure equation ( F(w,kf ,y) , the following steps are applied: 
Step Onc: Choose the region to be analysed. The regions considered here are: 
- all po ints in the IjJ direction 
- all points in the z direction from the duct exit to 0.6111 downstream (as from the 
experimental investigation it was found that the flow characteristics happening further 
downstream are not so relevant for the low frequency noise generation) 
- the concentric r layers chosen are 11, = -I and 11 , = 1 Gust below and above the duct 
lip respectively - tlus is chosen as the majority of the instabilities ori ginated form the 
shear layer happen in that region) 
Step Two: Calculate the Fourier di screte transfo rm in the IjJ d irecti on (Fourier 
transform is chosen to be used here, instead of the single coefficient Fourier Seri es 
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presented with the previous results in order io preserve the phase information at each 
grid location): 
N _I -2iJf1l,k, I • ---
F(t. z.k.) = - L F(t.z.n. )e N. • for k. = 1.2 •...• N,. -I 
N~ n, -a 
Step Three: Calculate the rourier transform in the z direction: 
N. - l -2,_"':r I . --N-F(t.y.k' )=/i LF(l. z.n,)e r ,for y= 1.2 •...• N, -1 
;: ,,: -0 
( 24) 
tep Four: Transform the data from the time domain to the frequency domain: 
N -I - 2i1rn ... ltJ 
F((u.y.k. ) = ! F(l. y.k.)e- N,- , for· f = 1.2 •.. .• N, -1 ( 25) 
11,._ 0 
Step Five: input F(w.y,k. ) into the Continuous Ring Model. 
5.3.1 LES input into Di crete Dipole Ring 
The procedure of interfacing the LES results as input into the Discrete Dipole Ring is 
presented here. This assumes that dipole forces are calculated as presented at the 
beginning of Section 5.3 . The force data ori ginated from the LES calcu lat ions is in a 
non-transformed form (F(I.I/!. Z) . In order to transform this force to fit the req uired 
format for the acoustic pressure equation (F(w.4>.z), the following steps are applied: 
tep One: Chose the region to be analysed. The regions considered here is: 
- all points in the 4> direction (a dipole is placed at each 4» 
- the position z = 0.15m downstream from the duct exit is chosen to place the ring, as it 
is one of the regions presenting high amount of fluctuation when hot-wire 
measurements were taken in the experimental facility. 
106 
- the concentric r layers chosen are n, = -l and n, = 1 (j ust below and above the duct 
lip respectively - thi s is chosen as the maj ori ty of the instabilities originated form the 
shear layer happen in that region) 
Step Two: The force data for each dipole at each time step IS di screte Fourier 
transformed i1110 the frequency domain. 
Step Three: The Transformed data fo r each di pole is input into the Discrete Dipole 
Ring model, by introd ucing each elementary force on equation ( 18) 
5.4 Results ofLES input into the models 
5.4.1 Results with Continuous Ring 
Figure 88 shows the sound power leve ls for the case when LES fo rce data is introduced 
as the source term into the Continuous Ring model. Thi s resul t shows that a similar 
decay in frequency to the experimental results is presented. This result emphasised 
once more that di pole fo rces present in a jet could generate the decay shown in the 
spectrum. 
However, a significant di ffe rence in the level is observed. Although tlus di fference are 
not covered in thi s work , they could be due to several reasons (together or in isolation), 
such as : 
- the possibil ity of a missing facto r in the CR model: to accommodate the LES 
calculations, the Continuous Ring model consists of a cy linder "covered" with dipoles 
at the same radius and z positions. In reality these source will not be necessaril y 
happening in this matmer. As presented on Chapter 3 (and recreated in Figure 88), if 
for instance the profiles in the z direction differ, the radiation efficient will also be 
affected, Despite that, the difference observed for the profil es chosen were not as 
significant as the ones presented in the CRlLES case. 
- number of cells used in LES grid: the grid used in the LES calculations is a coarse 
grid, that although might not represent every detail in the fl ow, is created w ith the 
intention of looking at the large sca le pressure fl uctuations occurri ng in the flow. 
• 
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However. thi s does not excluded the possibility of large areas of fluctuations being able 
to be created from smaller fluctuation areas· and if these smaller areas are missing, the 
pressure fluctuation effect will be compromised. 
- the way that the cells are grouped together: for the LES example us ing e R, a group of 
ce ll s in between two radius positions ( r = 0.14 and r = 0.16 m) from the LE 
calculation was chosen. However it is clear from Figure 85 that thi s reg ion does not 
cover all the fluctuation presented in that snapshot. This could be causing a reduction in 
levels as the dipole characteri stics are only being partially represented. 
- total time of LES calculations: as mentioned earlier, in order to reach stable energy 
levels, a long simulation time is required. In thi s simulations due to time constraints 
and computational avai lability this calculations are run until the level of energy decays 
for the first time, suggesting that it has reached its stable levels. The length of the time 
history also affects drectly the low frequency content of the spectrum. 
level of turbulence at the duct entrance: higher levels of turbulence at the entrance 
could increase the levels up to 15 dB. This would still not be enough to reach the levels 
obtai ned in the measurements. 
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5.4.2 Results with Discrete Dipole Ring 
When the LES results are introduced into the DDR model, the results show, that the 
decay rate is the same (1 2dB/decade) for both cases, on the other hand the level ', 
however, are much lower than the experimental results. 
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Thi s di ffe rence in level could be happeni ng due to several causes, like: 
- the poss ibility of a miss ing factor in the DDR model : to accommodate the LES 
calculations, the Continuous Ring model consists of a ring with a certain number of 
dipoles oriented in the same manner, at the same radius for one z pos ition. This 
configuration might not the adequate in the reality. For instance, if dipoles are s lightly 
angled in dle LES calculations, part of the contribution from each dipole wou ld not bc 
accounted for. The same could happen if the concentric layer chosen are not capturing 
the overall pressure fluctuations. 
- LES issues as presented in the previous section. 
5.5 Summary 
This Chapter presented an example of using LES calculations as the source term for the 
two theoretical models presen ted in Chapter 2. For that the pressure fluctuations 
obtained from the LES calculations are use to calculate dipole force terms that are then 
input into the analytical acoustic models. 
The results reinforce the conclusion that at low speeds dipoles are the major source 
contributors for the '-.v spectra, as the introduction of LES forces (acting as dipoles) 
into the models generates a similar decay in the spectrum. 
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These results show that the models presented do not represent in totality the physical 
behaviour encountered in the experiments as the L." generated by the models are much 
lower than the experimental levels. This could be due to constraints regarding the ways 
the models have been designed and to issues regarding the LES data. 
Overall , the use of LES calculations into these models demonstrates that to cover all 
the possible combinations of LES levels of data input and vari ations in the models in 
trying to achieve the sound power leve ls comparable with the experimental results 
would be an immense task (if at all possible). This led to the conclusion that the source 
present at the experimental investigation, cannot be full y represented by a ring of 
dipoles or by a truncated cylinder of dipoles. 
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Chapter 6 Concluding Remarks 
The work presented in thi s thes is is concerned on the low frequency noise generated 
aerodynamically in industrial gas turbines. 
For that, the overall question of: How to determil1e the 1I0ise sources respol1sible for 
tlie majority of tlie low frequency lIoise? is addressed tlu-oughout this thesis and is one 
of its hypothes is. 
To find out the possible sources of low frequency noise, an experimental model of the 
industrial gas turbine is built. To investigate this hypothes is, a seri es of experiments is 
ca rried out. These experiments explored the major aerodynamic effect in iso lation. 
From that, several aerodynamic effects are excluded from being the generator of noise 
and others are analysed more closely given their potential significant contribution in the 
low frequency noise range. Therefore, one of the conclusions fro m this thes is is that: 
tlie major low frequel1cy lIoise sources ill all industrial gas turbille are isolated. The 
major contributor for the low frequency noise being the j et fl ow up to one diameter 
away from the duct exit. 
The iso lation of sources ri ses other questions, that became another hypothes is of thi s 
work. This hypothesis is that tlie maill low frequellcy source cOl/tributor is a dipole-
type source. By critically examining the above idea in this thesis, it is fo und that the 
acoustic sources more li kely to be generating low f requency noise are monopoles or 
dipoles given the fact that they radiate more energy at low frequency in comparison 
with higher order sources. 
The question of what is the major noise source in the industrial gas turbine exhaust 
system: monopoles or dipoles is then confirmed by two independent processes. One 
showed that the major aerodynamic source generating noise happens a t the exi t of an 
open pipe system. This therefore confirmed that thi s source is an acoustic pressure 
source, as only pressure source would excite an open pipe when situated at the exit of a 
pipe. As monopoles are vo lume sources, they were then excluded. However, thi s 
experiment had not excluded the poss ibility of the existence of higher order pressure 
sources to such as quadrupoles. The second experiment conducted speed variation tests 
III 
for several setups of the test rig. They showed that the variation in power when the 
speed is increased is proportional to V6 , which leads to the conclusion that the maill 
source present in tlte system is a dipole-type source. 
From the acoustic experiments taken and some aerodynamic insight it is also poss ible 
to narrow down the regions where the aerodynamic sources generating noise could be 
based: all around the duct from the end of the duct to one diameter downstream from it. 
This origi nated the secondary hypothesis, which states that: the source call. be 
represented (IS a ring of dipoles or as a truncated cylinder of dipoles. 
To verify this hypothesis, two models were created and intermediate results showed 
that both models present similar the trend behaviour at low Helmholtz numbers when 
LES force sources aTe introduced into the models. 
This thesis also showed a case where the transient pressures [Tom LES calculations 
were used as input for the Continuous Ring and the Discrete Dipole Ring model. The 
res ults show tbat the characteristic decay is still present, reinforcing the fact that dipole 
forces can generate low frequency noise in jets. On the other hand , the sound power 
levels obtained are much lower than the experimental result, indicating that there is a 
factor/element miss ing in the models. This could be due to restri ctions in the model 
representation of the physical phenomena or limitations on number of ways for 
introducing the LES data into the models. Overall, the use of LES calculations into 
these models demonstrates that to cover all the possible combinations of LES data 
input and vari ations in the models in trying to achieve sound power levels comparable 
with the experimental results would be an immense task, which would defeat the 
intension of having a simplified model. 
From this results, the conclusion tflat tfle source can be represented as a ring of 
dipoles or liS a truncated cylinder of dipoles call be drawlI. 
112 
References 
1. Wareing, R.S. , Industrial Trent Exhaust Noise Measurements of"Engine 004 at 
RRC and Engine 005 at Whitby Co-gen - Rolls Royce Internal Report. 1997, Roll s 
Royce. 
2. Roberts, lA. Industrial Trent Development and Application. in ASME Turbo 
ASIS COI1 f"e rence . 1996. IakartalIndonesia: The American Society of Mechanical 
Engineers. 
3. Munja l, M.L. , Acoustics of ducls and mufflers: with application to exhaust and 
ventilation system design. 1987: Wiley. 
4. Gerges , S.N ., Ruido - Fundamentos e Controle. 1992, Florianopo lis: 
Universidade Federal de Santa Catarina. 
5. Jayatunga, C. W. , Aerodynamic Study of an industrial Gas Turbine Exhallst 
System. PhD Thesis 2005: Loughborough University. 
6. Pierce, A.D., Acoustics. 3rd ed. 1994: Acoustic Society of America. 
7. Hall , D.E. , Basic Acollstics. 1987: Harper & Row Publishers, Inc. 
8. Morse, P.M., Ingard,K.U. , Theoretical Acoustics. 1986: Princeton. 
9. Nagal11atsll, T.T. , O'Keefe, lV. , Schwartz, l. R., AeroacOllstics: fan, stall and 
boundary layer. Progress in Astronalltics and Aeronautics, 1975. 43. 
10. Schwartz, l.R. , Jet noise suppression by swirling the jet flow. Progress in 
Aeronautics and Astronautics, 1975. 37: p. 19 1-205. 
11. Davies, H.G. , Aerodynamic sound generat ion in a pipe. Journa l of Fluid 
Mechanics, 1968.32(4): p. 765-778. 
12. Hubbard, H.H. , Aeroacouslics of Flighl Vehicles: Theory and Practice. Vo!. I: 
Noise Sources. 1991: NASA Reference Publication 1258, WRDC Technical Report 90-
3052. 
13. Tam, C.K.W., Je t noise: since 1952. Theoretical and computational flu id 
dynamic, 1998. \0: p. 393-405 . 
14. Sears, W.R. , Some aspects of non-stationary airfoil theOlY and ils practical 
application. Journal of Aeronautic Sciences, 1941. 8(3): p. 104-108. 
15. Go ldste in, M.E., Aeroacouslics . 1976: McGraw-Hi ll International Book 
Co 111 pan y. 
16. Cri ghtoI1 , D .G .D. , Dowling, A.P. , Ffowcs Wi lli a l11 s, .I .E., Heckl , M. , 
Leppington, F. G. , Modern Methods in Analytical Acoustics. 1996 : Springer-Verlag. 
• 
l 
I t3 
mith, M.J.T., Aircraft Noise. 1989: Cambridge University Press. 17. 
18. Welsh, M.C., Stokes,A.N. Transient vortex modelling o/flow induced acoustic 
resonances near cavities or obstructions in ducts. in Aero-and Hydro-Acoustics 
JUTAM Symposium Lyon. 1985. Lyon - France: Springer-Verlag. 
19. Kinsler, L.E., Frey, A. R., Coppens, A. B., Sanders, 1. V, Fundamentals 0/ 
Acoustics. 1982. 
20. Plull1blee, H.E., A theoretical and experimental study of sound attenuation in an 
annlllar duct. Progress in Astronautics and Aeronauti cs, 1975.37: p. 48 1-502. 
21. Lam, K.M., Ko ,N.W.M. Wake-induced Shear Layer Excitation in a Basic 
Annular Jet. 1986. in Aero-and Hydro Acoustics. Lyon. 
22. Fisher, M.1., Preston,G.A., Bryce, W.D. , A modelling o/the noise from simple 
coaxial jets, part i : with unheated primary flow. Journal of Sound and Vibration, 1998. 
209(3): p. 385-404. 
23. Akselvoll , K., Moin,P., Large-eddy simulation o/turbulent cOI?fined co-annlllar 
jets. Journal of Fluid Mechanics, 1996. 315: p. 387-4 11. 
24. rome, 0.1 ., Noise, buildings and people. 1977: Pergamon Press. 
25 . Seto, K., Matsuoka, M., Ohta, 1-1 . Suppression o/jet noise by using a device of 
generating spiral flow. in Inter Noise. 1994. Yokohama - Japan. 
26. Copper. A.1. Unsteady Disturbance Propagation in a Slowly- Valying Duct with 
Mean wirling Flow. in 7th AIAAlCEAS Aeroacoustics Conference. 2001 . Maastricht. 
27. Golubev, V.V. Atassi, H.M. , Sound propagation in an annular duct with mean 
potel1lial swirling flow. Journal of Sound and Vibration, 1996. 198(5): p. 60 1-616. 
28. Golubev, V.V., Atassi, H.M ., Acoustic-vorticity waves in swirlingflollls. Journal 
of Sound and Vibration, 1998.209(2): p. 203-222. 
29. Farokhi, S., Taghav i, R., Modern Developments in Shear Flow 'ontrol with 
Swirl. AIAA Journal, 1992.30(6): p. 1482- 1483. 
30. Beckemeyer, R.J., Sawdy, D.T., Garner, P., Effects 0/ a conical segment on 
sound radiation from a circular duct. Progress in Astronautics and Aeronautics, 1975. 
44: p. 433-450. 
31. Curie N. , The injluence 0/ sound boundaries upon aerodynamic sound. 
Proc.Roy.Soc.A, 1955.231: p. 505-514. 
32. Blake, W.K., Mechanics 0/ Flow-Induced Sound and Vibration. Vo!. I. 1986. 
33 . Kambe, T., Minota, T., lkushima, Y. Acoustic waves emilled by vortex-body 
interaction. in Aero-al7d Hydro-Acoustics lUTAM Symposium Lyon. 1985. Lyon -
France: Springer-Verlag. 
• 
• 
I 
I 
I 
~ 
I 
I 
I 
I 
I 
I 
I 
t 
114 
34. Taherzadeh, S. , Li, K.M., On the turbulent jet noise near an impedance Sllrji:lce. 
Journa l of Sound and Vibration, 1997.208(3) : p. 49 1-496 . 
35. Bies, D.A. , Aerodynamic noise genera/ed by a sta/ionmy body in a /urbulen/ 
air stream. Journal of Sound and Vibration, 1997(4): p. 63 1-643. 
36. Bastin, F., Lafon,P., Candel,S., Compu/a/ion ofje! mixing noise due to coherent 
structures: the plane jet case. Journal of Fluid Mechanics, 1997. 335: p. 26 1-304 . 
37. Nayfeh, A.H. , Telionis, D. P. , Lekoudis, S.G ., Acoustic propagation in duc/s 
with varying cross sections and sheared mean flow. Progress in Astronautics and 
Aeronautics, 1975. 37: p. 333-35\. 
38. Kwong, A.H.M., Dowling, A. P. Active BOllndmy Layer Con/rol in Diftilsers. in 
Shearflow. 1993. Orlando; FL: AIAA. 
39. Leducq, D. Experimenral analysis of Instabilities in a cenrrijilgal pump with a 
vane/ess diffuser . in Pump noise and vibrations. 1993 . Pari s: Centre technique des 
industries mecaniques. 
40. Stah l, B. , Micha lke, A. On Noise Generated by Turbulence in a Pipe 
Downs/ream of a Discontinuous Area Enlargement. in Aero-and Hydro Acoustics. 
1985. Lyon. 
41 . Fehse, K.R. , Neise,W., Lowfrequency sound generated by flow separation in a 
conical diffoser. European Journal of Mechanics Series B Fluids, 2000. 19(5): p . 637-
652. 
42. Van Lier, L. , Dequand, S. , Hirschberg, A. , Gorter, .I ., Aeroacoustics of 
diffusers: An experimental sludy of typical indus/rial dijjilsers a/ Reynolds numbers of 
0(10"5). J omnal- Acoustica l Society of America, 200 1. 109: p. 108- 11 5. 
43. Hanis, H. , Pieiro, I. , Norris,T., A Peljormance Evaluation of a Three Splilter 
Diffilser and Vaneless Diffuser Installed on the Power Turbine Exhaust of a TF40B 
Gas Turbine. Papers- American Society of Mechanical Engineers, 1998. 
44. Sovran, G. , Klomp, E.D. , Experimental Determined Optimum Geometries for 
Rectilinear DijJilsers with Rectangular, Conical or Annular Cross-Section. p. 270-319. 
45. Lein, A., Characteristics of Combustor Diffusers. Prog. Aerospace Sci. , 1995. 
3 1: p. 171-27 1. 
46. Hilt, P.G. , Turbulent Wakes in Pressure Gradients. Transacti ons of the ASME, 
1963: p. 518-524. 
47. Stevens, S.1., Fry, P. Measurements of the BoundOlY Layer Growth in Annular 
D!ffilsers. in AIAA IOlh Aerospace Sciences Meeting. 1972. San diego, Califo rnia. 
t 
115 
48. Abidogun, K.B. , Ahmed, S.A. The Features of Flow in a Parallel-Walled 
Radial Vaneless Diffi/ser . in ASME; Noise Control and Acouslics Division. 2000. 
Orlando, FL: ASME. 
49. Wren, D., A generalised prediclionfor calculating sound power level data of 
square ceiling diffusers in Noise - Quantity and Quality. 1994, Noise Contro l 
FOllndation. p. 1809. 
50. Kwong, A.H.M . and Dowling, A.P. , Unsteady Flow in Diffusers. Transactions-
American Society of Mechanical Engineers Journal of F luids Engineering, 1994. 
116(4): p. 842 . 
51. Harvey, H.H., Aeroacoustics of Flight Vehicles: TheOlY and Praclice. Vol. 2: 
oise Control. 1991: NASA Reference Publication. 
52. Crighton, D.G., Computational aeroacoustics for low mach number jlOIVS, in 
'omplIlCltional Aeroacollstics, Hussain. M. Y .. Editor. 1993, Springer-Verlag. p. 50-68. 
53. Powel\ , A., A survey of experiments on jet noise. Aircraft engineering, 1954.26: 
p.2-9. 
54. Saminy, M. , Effect of Tabs on the Flow and Noise Files of an Axi.s)llI1metric Jet. 
AIAA Journal , 1993. 31 (4): p. 609-6 19. 
55. Shin, H.W., Babbitt, R.R. Experimental Study of Exhaust Syslem Mixersfor A 
Subsonic Jet Noise Reduction. in A/A A joint propulsion conference. 1996. Lake Buena 
Vista; FL: AIAA. 
56. Barber, TJ., Chiappetta. L.M., Zysman, S.1-I., Assessment of Jet Noise Analysis 
odes for Multi-stream Axisyml1Jetric and Forced Mixer Nozzles. Journal of Propulsion 
and Power, 1997. 13(6): p. 737-744. 
57. Bridges, 1., Hussa in,F., Effects of nozzle body onjetnoise. Journal of SOllnd and 
Vibration, 1995. 188(3): p. 407-418. 
58. Howe, M.S., 011 the contribution from skin steps to boundary-layer generated 
interior noise. Journal of Fluid Mechanics, 1998. 127(1): p. 123-1 32. 
59. Willrnartb, W. W., Pressure jluclllations beneath turbulent boundary layers. 
Annual Review of Fluid Mechanics, 1975, 7( 13): p. 13-38. 
60. Bechert, D.W. Excitation of Instability Waves. in Aero-and HydrO-Acoustics 
IUTAM Symposium Lyon. 1985. Lyon - France: pringer-Verlag. 
61. Gravante, S.P., Naguib, A.M. , Wark, C.E., Nagib, H.M. , Characterization of 
the Pressure Fluctuations Under a Fully Developed Turbulent BOllndmy Layer. AJAA 
Journal, 1998. 36(10): p. 1808- 181 6. 
~ 
I 
11 6 
62. Collorec, L. , Wall pressure and radiated noise generated by 3 line vortices in 
chaotic motion close to a solid sUlface, in Computational Aeroacoustics, Hussain, 
M.Y. , Editor. 1993 , Springer-Verlag. p. 174-1 89. 
63. Hespeel, D., Giovannelli , G. , Forestier, B.E. Wave number-Frequency Spectrum 
Measurement of Wall Shear Stress Fluctuations Beneath a Planar Turbulent Boundary 
Layer. in Flow noise modelling, measurement, and control. 1998. Anaheim; CA: 
ASME. 
64. Giovannelli , G. , Hespeel, D. , Forestier, B.E. , Pognant, M. Comparison of Two 
Methods to Measure the Frequency-Wavenlllnber Spectrum of the Wall Pressure Field 
Beneath a Turbulent Boundary Layer. in Flow noise modelling, measurement, and 
control. 1998. Anaheim; CA: ASME. 
65. Abraham, B.M. , Keith,W.L., Direct Measurements of Turbulent Boundary 
Layer Wall Pressure Wave number-Frequency Spectra. Transactions- American Society 
of Mechanical Engineers Journal of Fluids Engineeri ng, 1998. 120( 1) : p. 29-39. 
66. Lighth ill , M.1. , On the sound generated aerodynamically f. Proc.Roy.Soc .A, 
195 1. 221: p. 564-587. 
67. Lighthill , M.1., On the sound generated aerodynamically If. Proc.Roy.Soc.A, 
195 1. 222 : p. 1-32. 
68. Lighthill, M.1., Sound generated aerodynamically. Proc.Roy.Soc.A, 196 I. 267: 
p. 147-1 82. 
69. Ri bner, H.S., Effects of jet flow on jet noise via an extension to the Lighthill 
model. Journal of Flu id Mechan ics, 1996. 32 1: p. 1-24. 
70. Tester, B.1. , Developments injet noise modelling: Theoretical predictions and 
comparisons with measured data. Journa l of Sound and Vibration, 1976.46( 1): p. 79-
103. 
71. Landahl, M.T. , Wave mechanics of boundary layer turbulence and noise. 
Journal of Acoustic Society of America, 1975.57(4): p. 824-83 I. 
72. Janello, S. , Aeroacoustic Research in Europe: The CEAS-ASC Report on 2000 
Highlights. 2000. 
73. Raman, G., Highlights ofaeroacoustics Research in the Us. - 1998. Journal of 
Sound and Vibration. 288(3) : p. 589-610. 
74. Lam, K.M. , Ko,L.W.M. Wake-induced shear layer excitation in a basic annular 
jet. in Aero-and Hydro-Acoustics /UTAM Symposium Lyon. 1985 . Lyon - France: 
Springer-Verlag. 
• 
• 
• I 
I 
I 
I 
~ 
11 7 
75. Slake, W.K., Powel! , A., The Development of Contemporary Views on Flo\ll-
Tone Generation, in Recent Advances in Aeroacollstics, A.S. Krothapalli , C.A., Editor. 
1986. pringer-Verlag New York Inc. p. 247-326. 
76. Colonius, T., Lele S.K., Moin, P., Sound generation in Cl mixing layer. Journal 
of Fluid Mechanics, 1997.330: p. 375-409. 
77. Ffowcs Williams, J.E., Aeroacollstics. Journal of Sound and Vibration, 1996. 
190(3): p. 387-398 . 
78. Ffowcs Williams, J.E., The noise /j'om turbulence convected at high speed. 
Phils. Roy. Soc. London See.A, 1963.255: p. 469-503. 
79. Morfey, C.L., Szewczyk, V.M., Tester, B.1., New scaling laws for hot and cold 
jet mixing noise based on a geometric acollstics model. Journal of sound and vibration, 
1978. 61 (2): p. 255-292. 
80. Liley, G.M., On /he noise from jets. Noise mechanisms. AGARD _ CP _ 131 , 
1974: p. 13.1-13./2. 
81. Lilley, G., Noise from turbulence \1Ii/h applications to the study ofjel noise. in 
Tmnsport noise '94. 1994. St Petersburg; Russ ia: The Association. 
82. Tester, B.J ., Morfey, C.L. , Jet nOise modelling: Theoretical predictions and 
comparisons \IIith measured data. Progress in Astronauilcs and Aeronautics, 1975.43: 
p. 159-184. 
83. PowelI, A., Theory ofvor/ex sound. Journal of the Acoustic ociety of America, 
1964. 36( 1): p. 177-195. 
84. Powell, A. , Why Do Vortex Generate Sound? Transactions of the ASME 1995. 
117: p. 252-260. 
85. Kopiev. V.F. and S.A. Chernyshev, VOr/ex ring eigen-oscillations as a source 
of so unci. Journal of Flu id Mechanics, 1997. 34 1: p. 19-58. 
86. Verzicco, R. , lafrati. A., Riccardi , G., Fatica. M. , Analysis of /he sound 
generated by the pairing of t\110 axisymmetric co-rotating vortex rings. Journal of 
Sound and Vibration, 1997.200(3): p. 347-358. 
87. Leung, R.C.K. , Ko,N. W.M., The interaction of perturbed vortex rings and its 
sOllndgeneration. Journal of Sound and Vibration, 1997.202( 1): p. 1-28. 
88. Ko, .W.M., R.C.K. Leung, and C.C.K. Tang, The in/erac/ion of per/urbed 
vortex rings and ifs sound generation. Part 11. Journal of Sound and Vibration, 1999. 
228(3): p . 511-542. 
89. Ry u, K.W., Lee,DJ., SO!lnd radiation from elliptic vortex rings: evolution and 
interaction. Journal of Sound and Vibration, 1997. 200(3): p. 281-302. 
I 
~ 
I 
118 
90. lafrati , A., Riccardi ,G. , A numerical evaluation of viscous ~ffec ts on vortex 
induced noise. Journal of Sound and Vibration, 1996. 196(2): p. 129-146. 
91. Tang, S.K., Ko ,N.W.M ., Sound generation by interaction o.ftwo inviscid /Wo-
dimensional lIor/ices. lournal- Acoustical Society of America, 1997. 102(3): p. 1463-
1473. 
92. Hayashi , H., Kodama,Y. , Fukano,T., Ikeda,M. , Relation Between Wake Vortex 
Formation and Discrete Frequency Noise. ASME, 1995. 217: p. 107-114 . 
93. Maines, B.H., Arndt, R.E.A., The Case of the Singing Vortex. ASME, 1995. 
210: p. 69-74. 
94. Basu, A .l. , The role of noise in /wo-dimensional vor/ex merging. Fluid 
Dynamics Research, 1992 . 10(3): p. 169. 
95. Knio , O.M., Ting, L. Noise Emission due /0 Slender Vortex Solid Body 
Interactions. in IUTAM Symposium on Dynamics of Slender Vortices: proceedings of 
Ihe IUTAM symposium held in Aachen, Germany, 31 August-3 September 1997. 1997. 
Aachen; Germany: Dordrecht. 
96. Ogawa, S. , Generation Mechanism of Aerodynamic Noise by Interference 
Between Longitudinal Vortex and Body. Theoretical and App lied Mechanics, 1995.44: 
p.215-220. 
97 . Gunzburger, M.D., Lee, H.C., Feedback Control of Karman Vorlex Shedding. 
Transactions- American Society of Mechanical Engineers Journal of App lied 
Mechanics, 1996. 63(3): p. 828-835. 
98. Mohring, W. , Obermeier, F. Vor/icity - The voice offlows. in Sixth International 
Congress on Sound and Vibration. 1999. Copenhagen - Demllark. 
99. Mohring, W. , On the Vortex Sound at Low Mach Number. Journal Fluid 
Mechanic, 1978.85(4) : p. 685-691. 
100. Kambe, T. , Acoustics Emissions by vortex motions. Journal of Fluid Mechanics, 
1986. 173: p. 643-666. 
101. Liu, IT.C. , Developing large-scale wavelike eddies and the near jet noisejield 
.Tournal of Fluid Mechanics, 1974. 62(3): p. 437-464. 
102. Crow, S.C.C. , F.H., Orderly structure in jet turbulence. Journal of Fluid 
Mechanics. 48: p. 547-591. 
103. Brown, G.L.R. , On density effects and large structure in turbulent mixing 
layers. Journal of Fluid Mechanics. 64: p. 775-8 16. 
104. Winant, C.D., Browand, F.K., Vortex pairing: /he mechanism of turbulent 
mixing-layer growth at moderate Reynolds number. Journal of Fluid Mechanics. 63: p. 
237-255. 
• 
• 
• 
• 
I 
• I 
I 
• I 
I 
I 
I 
I 
I 
• I 
I 
119 
105. Tarn, C.K.W., Chen, K.C. Supersonicjel generalion in a l'Oundjel Journal of 
Sound and Vibration, 1975.38: p. 51-79. 
106. Gaster, M .. Kit, E. & Wygnanski , I. Large-scale slrllclures in a forced 
ILlrbulenl mixing layer. Journal of Fluid Mechanics 1985. 150: p. 23-29. 
107. Manners, A, Sound pressure level using Lighlhill analogy, Private 
Communication. 2004, Berlin: Technical University of Berlin. 
108. Acton, E., The modelling of large eddies in a !Wo-dimensional shear layer. 
Journal of Fluid Mechanics, 1976.76(3): p. 561-592. 
109. Al'ef, H., Siggia, E.D., VOl'lex dynamics of the two-dimensionallllrbulent shear 
layer. Journal ofFluid Mechanics, 1980. 100: p. 705-737. 
110. Wells, V.L., Renaut, R.A., Compuling Aerodynamically Genera/ed Noise. 
Annual Review of Fluid Mechanics, 1997.29: p. 161-200. 
Ill. Lilley, G.M .. The radiated noise ji'om isotropic turbulence wilh applications 10 
Ihe tlteOlY of jet noise. Journal of Sound and Vibration, 1996. 190(3): p. 463-476. 
11 2. Avi tal , E.J. , Sandham, N. D. , Luo, K. 1-1. , Musafir, R. E., Cafculation of Basic 
Sound Radiation of Axis-symmetric Jets by Direct Numerical Simulalions. AIAA 
Journal , 1999.37(2): p. 161-168. 
113 . Colonius, T. , Mohseni ,K., Freund, J.B., Lele,S .K. , Moin,P., Evaluation of 
oise Radiation Mechanisms in a Turbulent Jet. 1998, Centre for Turbulence Research. 
114. Khavaran, A., Computet/ion of supersonic jel mixing noise for an axisymelric 
CD nozzle using k-e turbulence model. AIAA, 1992 (AJAA-92-0500). 
lIS. Bechara, W., Lafon, P., Bailly, C., Candel, S.M. , Applicalion ofa kappa-curly 
epsilon turbulence model to Ihe prediction of noise for simple and coaxial ji'ee jets. 
Journal- Acollstical Society of America, 1995. 97(6): p. 3518. 
116. Schein, D.B ., Meecham, W.C., Compllfation of Jet Noise Using Large-Eddy 
Simulation and Ughlhill's Analogy, in 41h Inlernalional Symposium on Fluid-Slrllcture 
Interactions, Aeroelaslicily, Flow-Induced VibraJion and Noise, M.P. Paidoussis, et aI., 
Editors. 1997, ASME. p. 439-446. 
117. Piomelli , U., Streett, C.L., Sarkar S., On Ihe compulalion of sound by large-
eddy simulalions. Journal of Engineering Mathematics, 1997.32(2/3): p. 217-236. 
118. Zhao W., Frankel, .H., Mongeau, L., Large Eddy Simulalions of Sound 
Radiationfrom Subsonic Tu/'bulenl Jets. AIM Journal , 2001. 39(8): p. 1469- 1477. 
11 9. Seror, C., Sagaut, P., Bailly, C., Juve, D., On Ihe I'CIdialed noise compUled by 
lal'ge-eddy simulation. Office National D Etudes Et De Recherches Aerospatiales 
Onera, 200 I (268). 
L ___ _ 
I 
It 
~ 
I 
I 
I 
120 
120. Bastin, F., .Jei Noise Using Large Eddy SimulOlion. 1996, Centre for Turbulence 
Research. p. 1 15-132. 
12 1. Webb, A.T. , Mansour, . ., Towards LES models o/jets and plllmes. 2000, 
Centre for Turbulence Research. p. 229-240. 
122. Boersma, B.J., Lele, S.K. , Large Eddy Simulation 0/ Compressible Turbulent 
Jets. 1999, Centre for Turbulence Research. p. 365-377. 
123. Mankbad i, R.R. , Shih, S. H., Hixon, R., Povinelli , L.A., Direct Computation 0/ 
.le! Noise Produced by Large-Scale Axii>YlIlmetric Siructures. Journal of Propulsion and 
Power, 2000. 16(2): p. 207-215. 
124. Le Ribault, c., Sarkar, ., tanley, S.A., Large eddy simulation 0/ a plcll1e jet. 
Physics of Fluids. 1999. 11 (10): p. 3069-3083. 
125. Lyrintzis. A.S., Mankbadi, R.R., Prediction o/the Far-Field Jet oise Using 
KirchhofJ's Formulation (TN). AIAA Journal, 1996. 34(2): p. 413-415. 
126. Estivalezes, J.L. , Gamet,L., From Jet Flow COl17pUlations To Far-jield Noise 
Prediction. ASME, 1996.238 : p. 473-478. 
127. Gamet , 1. , Es tiva lezes, .I. L. , Applicalion 0/ Large-Eddy Simulation.\' and 
KirchhojJ Method to Jet Noise Prediction. A[AA Journa l, 1998. 36( 12): p. 2 170-2178. 
128. Lyrintzis, A.S., Uzun, A. integral Techniques for .Jet A eroaco ustics 
alculalions. in 7th A1AAlCEAS Aeroacollstics Conference. 2001. Maastricht. 
129. Pi Ion, A.R., Lyrintzis, A.S., Development 0/ an Improved KirchhojJ Method/or 
Jet Aeroacoustics. AIAA Journal , 1998.36(5): p. 783-790. 
130. Paul Pao, S., Maestrello, L. , New evidence 0/ subsonic jet noise mechanism. 
Progress in Astronautics and Aeronautics, 1975. 43: p. 27-46. 
13 1. Laurer, J., Yesn, T., Noise generation by low-Mach numberjet. Journal of Fluid 
Mechanics, 1983. 134: p. 1-3 \. 
132. Davies, P.O.A.L., Hardin, J .. , Edwards, A.V.J., Mason, J.P., A potential flow 
model /or calculation o/jetnoise. Progress in ASlronaut ics and Aeronautics, 1975. 43 : 
p.91-106. 
133. Tang, S.K., A study o/noise generation mechanism in a circular airjet. Journal 
of Fluid Engineering, 1993. 115: p. 425-435. 
134. Vlasov, Y. V., Control 0/ coherent structures and aero-acoustics characteristics 
0/ subsonic and supersonic turbulent jets. DGLR - AIM, 1992(92-62-110). 
135. Liepmann, D., Gharib. M. , Liepmann, H. W., An experimental approach to 
noise generation by the entrainment fluctuations 0/ a roundjel. Flow noise modelling, 
measurement and control, ASME, 1993 . NCA - 15: p. 11 5-1 24. 
136. Fahy, F .. Engineering Acoustics. 200 1: Academic Press. 
12 1 
137. Liu, C.H., Maestrello, L., Gunzburger, M.D., Imulalion by vortex rings of the 
unsteady pressure field near a jet. Progress in Astronautics and Aeronautics, 1976. 43: 
p.47-64. 
138. Russel, D., in Acoustics Animations, Kettering Uni versity App lied Phisics. 
139. Morse, P.M., Ingard, K.U., Theoretical Acoustics. 1968 : McGraw-Hill . 
140. Ziomek, L. J., Fundamentals of acouslic field theory and space-lime signal 
processing. 1994: CRC Press. 
14 1. Boyce, W.E. , Diprima, R.C. , Equacoes Di!erencias Elementares e Problemas 
de Valores de Contorno. 1990: Edi tora Guanabara. 
142. McLachlan, N. W., Bessel Functions for Engineers.I96 I, Oxford: Claredom 
Press. 
143. Junger, M., Feit, D., Sound, structures and their interaction. 2nd ed. 1986: MIT 
Press. 
144. Pete rsson, B.A.T., Efficiency of annularly distributed moment and force 
excitation regarding structural acoustic power transmission to plate-like structures. 
Journal of Sound and Vibration, 1994. 176(5): p. 625-639. 
145. Bracewell, R.M., The Fourier Tramform and its applications . 1965 : McGraw-
Hi 11. 
146. Abramowitz, M., Stegun, I. A. , Handbook of Mathematical Functions. 1972 , 
New York: Dover. 
147. Yule, A.1. , Large-scale structure in the mixing layer ofa roundjet. Journal of 
Fluid Mechanics, 1978. 89(3): p. 4 13-432. 
148. Kroeff, G., Aero-Acoustic Study of an Industrial Gas Turbine Exhaust Volute. 
2000, Department of Aeronautical and Automotive Engineering - Loughborougb 
Uni versity : Loughborough. 
149. Manners, A. et all , LV-LES, Department of Aeronautica l and Automoti ve 
Engineering, Lougbborough University: Loughborough. 
L50. Press ,W.H., Numerical Recipies. 1992, Cambridge: Cambridge Unniversity 
Press . 
151. Nayfeh, A.H. , Introduction to perturbation techniques. 1933: Wiley. 
152. Arfken, G. Mathematical Methods for PhySicists, 3rd ed. 1985, Orlando, FL: 
Academic Press. 
153. Lush, P.A., Measurements of subsonic jet noise and comparison with theOlY. 
Journal of Fluid Mechan.ics, 197 1. 46(3): p. 477-500. 
154. Heckl, M., MUlier, H.A., Taschenbuch der Technischen Akustik. 1995: Berl in, 
Springer Verlag 
I 
• 
1 
I 
I 
• 
I 
I 
I 
~ 
I 
~ 
I 
122 
155. Pope, S.B., Turbulent Flows. 2000. Cambridge: Cambridge Uni versity Press. 
156 . chroeder, M. R., Schroeder Frequency. 1954 Acustica, (4). 
157. Cremer, L., Heckl , M., Ungar, E. E., S/rll clUre Borne So und : SI/·uctural 
Vibrations and SOllnd Radiation a/ Audio Frequencies, 1990: Springer. 
158. Hassall , J.R. , Zaveri, K., Acoustic Noise MeaslIremems, BrueJ & Kjaer, 1979. 
159. ISO 3745 - Acous/ics - Determination o/sound power levels o/noise sources-
Precision me/hods for anechoic and sell7i-anechoic rooms. 1977: Internati onal 
Organiza lion for Standardi zation. 
160. Fox, R. W. , McOonald, A.T., introducao a Mecanica dos Fluidos, 1988: John 
Wiley & Sons. 
161 Cottel, G., VasiJyvev, O.V., Comparison 0/ dynamic Smagorovisky and 
aniso/ropic subgrid-scale models. 1988: Centre fo r turbulence Research . 
Proceedings of the ummer Program. 
162 Versleeg, H.K., Malalasckera, W. , An introduc/ion to Computational Fluid 
Dynalllics: The Fini/e Volume Method. 1995. Research Studies PR. 
163 l-I offl11a11 ,J.O. , Numerical Methocf.lIor Engineers and Scientis/s, 1992: McGraw-
Hill 
I 
I 
~ 
123 
Appendix I Aero Acoustic Volute Test Facility 
This faci lity has been especially designed and constructed to examine and identi fY the 
causes of aerodynamic instabi lity and hence possible noise sources. Tests can be 
carried out on combinations of typical annular ex.haust diffusers dumping into a typical 
ex.haust vo lute box in an attempt to improve both loss and noise performance of these 
systems. 
Test Facility Schematic 
I nlet duct 
I~ 
test section 
Figure A. 1 ran and plenulll - schematic drawing of the test raci lity 
As shown in Figure A. I, atmospheric air passes through an inlet duct into an 
acoustically lined centrifugal fan room. The ai r is subsequently drawn into the fan and 
pumped along an interconnecting duct to a plenum, which is also acoustica lly lined and 
contains a series of acoustic bafiles . Within this plenum the air has a velocity of 
approximately 0.3rnJs (Mach number - 0.00 1) ensuring aerodynamic noise generation 
is virtually eliminated. In addition the acoustic cladding absorbs the majority of the 
noise generated by the fan and motor, resulting in sound power measurements a t inlet 
to the working section which are esseL1tially at background levels. Ai r enters the 1/7'h 
scale worki ng sect10n via an inlet flare prior to passing through inlet and outlet gu ide 
vanes (TOV's & OOV's) and a diffuser as shown in Figure A. 2. Flow exi ting the diffuser 
is dumped into an acoustic vo lute box before being expe lled to atmosphere via an 
I 
t 
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exhaust duct, which is also acousti ca lly lined. Figure A. 3 and Figure A. 4 present photo 
with more details of the test section. 
1----
, .. 
... , 
Figure A. 2 Ex perimenlal faci li ty lest section (scale model) 
Figure A. 3 Photo experimenta l faci lity test section (scale model) 
125 
Figure A. 4 Zoom inside the volute 
Control system 
The fan is driven by a 37 kW motor and is capable of delivering 4ml/s of air at 
600mmH20 above ambient pressure. Control of the air supply is governed by a Fenner 
Speedranger variable A drive unit. Closed loop feedback is provided by a shaft 
encoder which enables the speed oftbe fan to be maintained to wi thin 0. 1 r.p.m. A PC is 
used in conjunction with a 16-bit data acqui sition system to monitor the pressure and 
temperature at inlet (0 the facility, a llowing accurate maintenance of the inlet Mach 
number. 
Operating Conditions 
The IGV geometry can be altered in order to simulate the changes produced in the 
rad ial swirl angle di stribution presented to the OGV's, at 30%, 70% and 100% engine 
operating powers. The Reynolds number, based on diffuser inlet annulus height, is 
approximately 1.3 x I OS The OGV's are positioned immediately upstream of di ffuser 
inlet, and to 10 OGV blade chords downstream of the JGV's. It is possible to operate 
126 
the facility with or without the vo lute in order to evaluate the acoustics of the IGV, 
OGV and diffuser combination in isolation. 
OGV's 
Figure A. 5 ICV's and OGV's in a setup without the volute 
Instrumentation 
The need to obtain complete aerodynamic area surveys of the flow at various planes 
within the diffuser requires instrumentation (pi tot tubes, 5-hole pressW'e probes and hot 
wires) to be traversed in both rad ial and circumferential directions. Radial movement 
is achieved by utili sing a tailor-made miniature traverse mechanism housed within a 
rotating section of the centre spool. The axial position can be altered by positioning 
blank spool casings between the traverse section and OGV exil. The traverse itself 
consists of a precision linear gu ide attached to a pulley wheel on a fi xed lead screw. 
The driving force is provided by a P.C. controlled stepper motor which is connected to 
the pulley by a miniature toothed belt. The positional accuracy of the assembly is 
± 0.025mm. To facilitate circumferential traversing the centre spool is divided into 
two sections. The upstream section is mounted rigidly to the outer casing with loads 
being carried through the guide vanes (fig. 5.3). The rotating centTe spool , located 
downstream of the OGV's, is supported by two bearings positioned within the 
upstream section. The circumferential drive is provided by a P.e. controlled stepper 
motor also located within the upstream section, connected to the rotating spool through 
a gearbox. The positional accuracy of the assembly is ± 0.0 I 0. Static tappings are 
located throughout the di ffuser at 90° intervals from TOC. Hot wire measurements can 
be made at numerous locations within the exhaust volute. Acoustic measurements can 
127 
be made at numerous locations within the volute for information in the near field , or 
probes can be placed around the laboratory in order to obtain data in the far field. 
Sound pressure data are taken using BrUel & Kjrer microphones and are subsequently 
processed using a Hewlett-Packard analyser. 1/8" microphones (protected with a cone) 
and 1/2" microphones (protected with a foam windscreen) are used for measurements 
in the near and far field respectively. 
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Appendix 11 Continuous Ring Model: Separated contribution of n=1 (dipole) 
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Figure A 11 SWL for different cylinder diameters using a triangular function 
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Figure A 13 SWL for different cylinder d.iameters using a Dirac Delta function 
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Appendix III Experimental Results for 70% a nd 30% blades 
Chapter 4 presented the measurements taken wi th 100% IQV blades. This Appendix 
presents the equivalent measurements for the 70% and 30% IQV blades. 
Equiva lent comparisons for the 70% IGV blades: 
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